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Abstract
We used pulse-labeling with the methionine analogue homopropargylglycine (HPG) to
investigate spatiotemporal aspects of protein synthesis during herpes simplex virus (HSV)
infection. In vivo incorporation of HPG enables subsequent selective coupling of fluoro-
chrome-capture reagents to newly synthesised proteins. We demonstrate that HPG label-
ing had no effect on cell viability, on accumulation of test early or late viral proteins, or on
overall virus yields. HPG pulse-labeling followed by SDS-PAGE analysis confirmed incor-
poration into newly synthesised proteins, while parallel processing by in situ cycloaddition
revealed new insight into spatiotemporal aspects of protein localisation during infection. A
striking feature was the rapid accumulation of newly synthesised proteins not only in a gen-
eral nuclear pattern but additionally in newly forming sub-compartments represented by
small discrete foci. These newly synthesised protein domains (NPDs) were similar in size
and morphology to PML domains but were more numerous, and whereas PML domains
were progressively disrupted, NPDs were progressively induced and persisted. Immediate-
early proteins ICP4 and ICP0 were excluded from NPDs, but using an ICP0 mutant defec-
tive in PML disruption, we show a clear spatial relationship between NPDs and PML
domains with NPDs frequently forming immediately adjacent and co-joining persisting PML
domains. Further analysis of location of the chaperone Hsc70 demonstrated that while
NPDs formed early in infection without overt Hsc70 recruitment, later in infection Hsc70
showed pronounced recruitment frequently in a coat-like fashion around NPDs. Moreover,
while ICP4 and ICP0 were excluded from NPDs, ICP22 showed selective recruitment. Our
data indicate that NPDs represent early recruitment of host and viral de novo translated
protein to distinct structural entities which are precursors to the previously described VICE
domains involved in protein quality control in the nucleus, and reveal new features from
which we propose spatially linked platforms of newly synthesised protein processing after
nuclear import.
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Author Summary
All viruses reprogram infected cells for the synthesis, modification and targeted localisa-
tion of virus-encodedand host proteins. Advances in proteomics and mass spectrometry
have provided broad insight into these processes, but these approaches have limited ability
to investigate spatial aspects of infected cell protein synthesis and localisation.Here we
provide the first report using novel techniques in chemical biology involving labeling
newly synthesised proteins with chemically tagged amino acid precursors that enables sub-
sequent biochemical analysis and spatial analysis by microscopy. Using these techniques,
we provide new insight into protein metabolism in herpes simplex virus infected cells
which is not approachable by standard methods.We report the formation of novel subnu-
clear domains termedNPDs (newly synthesised protein domains) with a spatial link to
pre-existing nuclear PML domains and to previously describeddomains involved in pro-
tein quality control. This work provides new insight into metabolic processes early after
HSV infection and demonstrates the considerable potential of these techniques to yield
fundamental insight into virus infection and virus-host interactions in any system.
Introduction
The manipulation of cellular metabolic processes during virus infection promotes or tempers
virus production and determines the outcome of infection not only at the cellular level but also
e.g., acute versus long-term persistence, latency, reactivation and transmission [1]. With regard
to infected cell protein metabolism, as well as the regulated de novo synthesis of virus encoded
proteins, modulation of the host proteome is necessary for both infection and host cell
responses, involving modifications in protein turnover, function and location [2]. Recent
advances in global proteomic approaches and mass spectrometrymethods have provided
broad insight into the synthesis, modification and degradation of viral and host proteins as
infection progresses [3–8]. These studies reveal alterations of cellular pathways including for
example, the remodeling of glycolytic and metabolic pathways [9], inflammatory and innate
immune response factors [6,10] or nucleotide and RNA processing pathways [11]. However, a
complete understanding of infected cell protein metabolism requires a parallel approach to
spatial aspects of global protein synthesis and transport dynamics and alterations in these pro-
cesses during different stages of infection. Traditional analysis of proteins at steady-state using
antibodies, or fusion of genes to fluorescent proteins for dynamic spatial analysis, provide pow-
erful tools for the investigation of individual proteins [12–14]. However, global spatial analysis
requires a different approach. One method to visualise total nascent protein synthesis relies on
the incorporation of puromycin, an aminonucleoside antibiotic, either using a fluorescent
derivative of puromycin [15] or by the detection of polypeptide-puromycin conjugates using
anti-puromycin antibodies [16]. This approach has yielded insight in the spatial analysis of cel-
lular protein synthesis and modulation during bacterial [17] and viral infection [18]. Neverthe-
less there are disadvantages for spatial analysis of nascent proteins including low signal-noise
ratios, qualitative differences with expected patterns [15,19,20] and importantly that puromy-
cin is a tRNA mimetic that terminates translation, perturbing the system and eliminating the
possibility of spatiotemporal analysis of fully translated proteins in e.g. pulse-chase
experiments.
Advances in organic chemistry, specifically in the area of bioorthogonal ligation reactions
[21] has now enabled the development of a new generation of techniques based on the in vivo
incorporation of metabolic precursors that contain designed chemical endgroups. This is
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combined with the use of aqueous-compatible, selective covalent bond-forming reactions,
commonly termed “click chemistry”. These reactions link the macromolecular products which
incorporate the precursors to capture reagents via a specific paired chemical moiety [22–25].
The most routinely used chemical pairs are the azide- and alkyne moieties together with a cop-
per-catalysed cyclization, in which the azide and alkyne form a covalent triazole ring [24,26].
The azide or alkyne groups are well suited to chemical biology since they are small, bear no
overall charge, can be introduced to a wide variety of precursors and are extremely well toler-
ated in vivo [27–29].
Thus for protein synthesis, using the methionine analogues homopropargylglycine (HPG)
or azidohomoalanine (AHA), it is possible to label newly synthesised proteins and then cova-
lently couple fluorescently labeled capture reagents, for analysis of protein profiles by
SDS-PAGE and in-gel fluorescence. At the same time, by fixing cells and then in situ coupling
to similar capture agents, it is possible to simultaneously visualise the flux and intercompart-
mental transport of the “translatome” by microscopy [28,29]. Here we provide the first such
spatial analysis of bulk newly synthesised proteins during the progression of infectionwith a
large complex DNA virus, herpes simplex virus, providing new insight into protein trafficking.
We focus on the induction of novel domains in the nucleus into which newly synthesised pro-
teins are transported and their spatial relationship both with pre-existing PML domains and
other domains, termed VICE domains, previously described to have a role in protein quality
control in HSV infected cells [30–32].
Results
Qualitative analysis of protein synthesis by HPG pulse-labeling in HSV
infected cells
Both HPG (alkyne-bearing) and AHA (azide-bearing) are structural analogues of methionine
that contain inert (bioorthogonal) chemical groups that enable subsequent covalent ligation to
any of a series of capture reagents. They have been shown to be non-toxic, with no effect on
global rates of protein synthesis nor protein degradation. They have been evaluated by in-gel
fluorescence, by in situ imaging analysis and by mass spectrometry in a variety of cell lines, in
primary neuronal cells, in organotypic brain slice cultures, in developing larval zebrafish and in
adult mice in vivo [33–39]. In preliminary work we compared HPG and AHA in a series of
experiments for sensitivity, efficiencyof incorporation and toxicity. With little difference
between the two precursors, we pursued further work with HPG as the labeling precursor
together with azide-linked capture reagents (Fig 1A).
We confirmedHPG incorporation into proteins using qualitative analysis by SDS-page and
in-gel fluorescence.Uninfected Vero cells were labeled with 1 mMHPG for 60 min. As controls
we either omitted HPG or, in the presence of HPG, included cycloheximide (CHX, 100 μg/ml)
to block de novo protein synthesis. Labeled cells were lysed, subject to cycloaddition reactions
to couple an azide-linked fluorochrome (IRDye.800CW) and proteins then analysed by
SDS-PAGE and Coomassie staining for total protein analysis (Fig 1B, lanes 1–3) and the same
gel subject to in-gel fluorescence using a LI-COROdyssey Infrared Imaging System for de
novo synthesised proteins (Fig 1B, lanes 4–6). The results demonstrate efficient labeling of
uninfected cell proteins (lane 6) with essentially no background fluorescence detected in con-
trol experiments omitting HPG but samples still subject to click chemistry with the azide-fluo-
rochrome (c.f. lanes 5 and 6). Furthermore when pulse-labelingwith HPG in the presence of
CHX, incorporation was virtually eliminated (c.f., lanes 4 and 6). In parallel we evaluated the
effect of the identical HPG-labeling regime on cell viability (which as with standard 35S-Met
labeling included a short methionine depletion phase, see materials and methods).We found
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no difference whether pulsing with HPG or methionine and neither condition had any detect-
able effect on cell viability (Fig 1C).
We next examinedHSV infected cell protein synthesis after infection (MOI 10), pulse-label-
ing at early times of infection (2 hr or 4 hr), and additionally fractionating samples into cyto-
plasmic and nuclear samples prior to the coupling with IRDye.800CW. Furthermore, in
addition to analysis by in-gel fluorescence to detect newly synthesised proteins (Fig 1D), we
transferred a duplicate gel to a nitrocellulose blot (Fig 1F). This enables probing with antibodies
to candidate proteins e.g., ICP4, ICP0 and VP5 (detected by secondary antibody, red channel)
while bulk newly synthesised proteins were detected by the azide-coupled fluorochrome (green
channel). Laser scanning of the blot allows simultaneous analysis of total active protein synthe-
sis in one channel and of specific polypeptide abundance in a separate channel on the same
blot. For the in-gel fluorescence, a number of altered species could be observedby 4 hr (Fig 1D,
white arrowheads indicated on lane 3) with the fractionation procedure providing effective
enrichment of individual species into cytoplasmic or nuclear fractions. Fractionation is exem-
plified by candidate host species (HC for cytoplasmic and HN for nuclear) in the correspond-
ing total protein profile (panel e). We found the in-gel fluorescence of the SDS-PAGE gel itself
to yield better resolved bands than fluorescence of the corresponding blots. Nevertheless, it was
possible to visualise individual species on the blots, integrated with the newly synthesised pop-
ulation (panel f). For example, ICP4 and ICP0 can be seen by 2 hr, partitioningmainly in the
nucleus (panel f, lane 5 vs 8) while VP5 was observedby 4 hr in both cytoplasm and nucleus
(panel e, lane 6 and 9). Generally we found that HPG pulse-labeling and in-gel fluorescence
was as good a method, in terms of sensitivity and background, as we have found in past labora-
tory experiencewith 35S-methionine labeling and autoradiography [40–43].
In additional control experiments we further evaluated whether HPG pulse-labeling had
any effect on the overall accumulation of virus encoded proteins, using ICP8 as a candidate
delayed early protein and VP5 as a candidate late protein. Parallel cultures were either
untreated (Fig 2A, lanes 1–3), subject to methionine depletion followed by pulsing with normal
methionine containing medium (Fig 2A, lanes 4–6), or subject to methionine depletion fol-
lowed by pulsing in medium containing HPG (Fig 2A, lanes 7–9). Cells were harvested at the
various times indicated at the end of the 30 min pulse. Equal cell equivalents were then ana-
lysed for total accumulation of ICP8 and VP5. No significant differences were observed
between pulsing with methionine or HPG and neither treatment had any significant effect on
Fig 1. Biochemical analysis of newly synthesised proteins using HPG and click chemistry. (A) Schematic diagram
illustrating comparative structures of methionine and HPG. The scheme indicates the in vivo incorporation of HPG into protein
(solid black dots within a protein chain) and then the subsequent in vitro cycloaddition reaction to covalently cross link an azide
fluorochrome-coupled capture reagent (coloured star) to HPG. (B) Mock-infected Vero cells were pulse-labeled using 1 mM HPG
for 1 hr, lysed and subjected to click reactions using IRDye 800CW Azide Infrared Dye. Proteins were separated by SDS-PAGE
and visualised by in-gel fluorescence using a LI-COR Odyssey Infrared Imaging System. Control experiments were carried out
either in the absence of HPG (lane 5) or in the presence of 100 μg/ml of CHX (lane 4). Lanes 1–3 represent the total Coomassie
blue staining protein profile and lanes 4–6 the in-gel fluorescence profile of the identical gel. (C) Cell viability of uninfected Vero
cells (% live cells, in triplicate) was assessed by trypan blue exclusion. Control cultures were subject to either no methionine
depletion and incubation in standard methionine-containing medium (Con; white bar) or methionine depletion with subsequent
incubation in standard methionine-containing medium (Met; light grey bar); while HPG labelling was performed after methionine
depletion with subsequent incubation in HPG -containing medium (30 min pulse). (D) In-gel fluorescence of newly synthesised
proteins in total, cytosolic and nuclear fractions. Mock or HSV infected Vero cells (MOI 10) were pulse-labeled at the times
indicated for 1 hr, lysed and fractionated prior to click reaction. Equal concentrations of proteins (20 μg, representing a 4-fold
increased loading by cell equivalents for the nuclear fraction) were resolved by SDS-PAGE, and proteins visualised using a
LI-COR Odyssey Infrared Imaging System scanned into the green channel. (E) The same gel was stained with Coomassie
brilliant blue for total protein detection. Representative host cell proteins enriched within the cytoplasmic and nuclear fractions are
labeled HC and HN respectively. (F) The same samples after separation by SDS-PAGE where transferred to a nitrocellulose
membrane. Total steady-state levels of candidate viral proteins, ICP4, ICP0 and VP5 (red) were simultaneously detected using
monoclonal antibodies, and newly synthesised proteins (green) were visualised on the blot.
doi:10.1371/journal.ppat.1005927.g001
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protein accumulation compared to the untreated control (Fig 2A). In a variation of this experi-
ment we also evaluated whether pulse-labelingwith HPG, especially at early times of infection,
had any effect on viral protein accumulation later in infection or on the final yield of infectious
virus. Therefore as outlined in Fig 2B, HSV infected cells were subject to methionine depletion
and HPG pulse-labeling at either 2, 4, 6, 8, 16 or 20 hr post infection (p.i.). After each pulse, incu-
bation was continued in the presence of normal methionine-containingmedium up to 20.5 hr.
(Nb, only the early pulse periods are illustrated on the protocol schematic, Fig 2B). Control cells
were maintained in normal medium for the duration of the experiment. All cultures were har-
vested at 20.5 hr and analysed for ICP8 and VP5 accumulation (Fig 2C) and for the total yield of
infectious virus (Fig 2D). The results demonstrate that HPG pulse-labeling had no effect on the
later accumulation of test viral proteins and no effect on the overall yield of infectious virus.
Taken altogether our results are entirely consistent with previous data [33,44], which dem-
onstrated HPG to be an effective bioorthogonal analogue of methionine, to be non-toxic, and
Fig 2. HPG incorporation has no effect on the accumulation of candidate viral proteins nor on overall virus yield. (A) Vero cells were
pulse-labeled with 0.5 mM HPG for 30 min at 2, 8 or 16 hr p.i. and lysates were collected at the termination of each pulse. Control cultures were
incubated as described for Fig 1 (Con and Met). Proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes. Total
steady-state levels of early and late viral proteins, ICP8 and VP5 (red) respectively, were simultaneously detected and γ-tubulin (green) was used
as loading control. (B) Diagram illustrating the protocol for experiments in (C) and (D). Mock or infected Vero cells were pulse-labeled with 0.5 mM
HPG for 30 min at 2, 4, 6, 8, 16 or 20 hr p.i. and chased in normal methionine-containing medium after removal of HPG, harvested at 20.5 hr post
infection and analysed for total VP5 and ICP8 accumulation (C) and for total infectious viral yields (D).
doi:10.1371/journal.ppat.1005927.g002
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to be incorporated into proteins with no effect on global rates of protein synthesis nor protein
degradation [29,33]. We validated HPG for analysis of HSV infected cell protein synthesis
showing its effective incorporated into proteins in virus-infectedcells with no effect on the
overall progression of infection, the accumulation of candidate viral proteins nor the total yield
of infectious virus.
Spatial analysis of new proteins synthesis
The key advantage in the use of HPG labeling of protein synthesis is the ability to undertake
parallel investigation of spatial aspects of newly synthesised proteins and, in the longer term, to
selectively purify newly synthesised proteins away from the total proteome based on temporal
aspects of their synthesis.
We first pulse-labeled uninfected cells with or without HPG (30 min) and processed the
monolayers for imaging analysis. As controls, we also pulse-labeled in the absence of HPG or
with HPG in the presence of CHX. The results (Fig 3) demonstrate newly synthesised protein
localisation in the cell with abundant accumulation in the nucleus and a disseminated lace-like
pattern in the cytoplasm. There was virtually no background fluorescence observed in cells in
the absence of HPG but subject to click chemistry and azide-fluorochrome detection (Fig 3,—
HPG). Furthermore, in the presence of HPG together with CHX, virtually no incorporation
was observed (Fig 3, +HPG,+CHX), confirming that the spatial distribution represents newly
synthesised proteins, with any free HPG contributing little to the signal. These results are also
consistent with previous data on the use of HPG for the spatial analysis of newly synthesised
proteins in culture demonstrating both rapid import into the nucleus, relatively little free solu-
ble cytoplasmic signal and a distinct web-like pattern in the cytoplasm likely representing asso-
ciation with the endoplasmic reticulum and possibly other cytoplasmic organelles [27,34].
Nascent protein localisation to specialised sub-nuclear domains very
early after HSV infection
We next undertook a spatiotemporal analysis of protein synthesis in HSV infected cells, pulse-
labeling for 30 min at several time points up to intermediate times after infection (8 hr). While
there were distinct qualitative differences in the patterns of newly synthesised protein distribu-
tion in the cytoplasm (Fig 4A, small vertical arrowheads, 4 hr and 8 hr panels), the main strik-
ing feature we observedwas the formation very early in infection, within 1–2 hr, of distinct
spherical domains containing HPG labeled proteins in infected cell nuclei. These domains
which we have termedNPDs (newly synthesised protein domains), are indicated in a selection
of nuclei at the different time points (Fig 4A, diagonal arrows) by small vertical arrows within
the nuclei see also all Figs 5–14). For clarity not all domains or nuclei are labeled. NPDs were
quite homogeneous in size and shape, resembling symmetrical spheres, with a consistent initial
size range (mean approximately 0.5 μm).
As infection proceeded, newly synthesised nuclear proteins also localised in small irregular
and aggregated clusters and then in diffuse large lobed structures distinctly resembling classical
replication compartments, (Fig 4A, 4–8 hr; Fig 4B). NPDs formed early in infection and later
were found specifically at the periphery of the large lobed domains. As shown below these large
lobed foci, (indicated in the central cell Fig 4A, 6 hr, small arrowheads at a section of the perim-
eter), colocalisewith ICP4 and represent DNA replication compartments [45].
Quantitative analyses of NPD formation in Vero cells are summarised in S1 Fig. Evaluating
approximately 100 cells at each time point, over 50% of cells contained NPDs by 2 hr p.i. with
virtually 100% positive by 4 hr p.i. (S1A Fig). In terms of NPD numbers/cell, we observed a
mean of approximately 13 though some cells could contain over 25–30 (S1B Fig). Average
Spatiotemporal Analysis of Protein Synthesis during HSV Infection
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numbers/cell showed no increasing trend as infection progressed, but the average size within a
cell increased from approximately 0.5 μM diameter at 2 hr p.i. to 1.0 μM by 6 hr p.i. (S1C Fig).
From quantitative analysis of the relative distribution of HPG-labeled proteins (see materials
and methods), 0.5–3% of the newly synthesised protein signal in the nucleus was present in
NPDs within 1–2 hr after infection, increasing progressively to as much as 10–12% later in
infection.
Fig 3. Imaging newly synthesised proteins by HPG incorporation and click chemistry. Uninfected Vero cells were pulse-labeled
using 0.5 mM HPG for 30 min, fixed and subjected to click reaction using the Alexa Fluor 488-azide capture agent. Control experiments
were performed either in the absence of HPG or using 100 μg/ml of CHX added prior to and during the pulse. Images were recorded as
described in materials and methods.
doi:10.1371/journal.ppat.1005927.g003
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Fig 4. Novel nuclear NPDs revealed in HSV-1 infected cells. (A) Vero cells were mock-infected or infected (MOI 10) and pulse-
labeled for 30 min at the different time points post-infection as indicated. Cells were fixed and processed as described in materials and
methods. Large diagonal arrows denote nuclei containing NPDs while small vertical arrows denote the change in cytoplasmic
Spatiotemporal Analysis of Protein Synthesis during HSV Infection
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localisation of newly synthesised proteins. (B) Higher magnification images of single cells exemplifying the spatial relationship of
NPDs (green) and ICP4 (red) at 2 and 4 hr p.i. For ease of inspection separate channels are shown, with the locations of example
NPDs (diagonal arrows) indicated on both channels. In the ICP4 channel, accumulation of foci of ICP4 are indicated by horizontal
arrows and NPDs by diagonal arrows.
doi:10.1371/journal.ppat.1005927.g004
Fig 5. NPDs colocalise with phase-dense nuclear bodies induced by HSV. Uninfected or HSV infected Vero cells were either
untreated (i.e. standard media; control) or HPG pulse-labeled for 30 min at the times indicated, fixed and analysed by fluorescence (for
newly synthesised proteins, green) and ICP4 (red) and by phase microscopy. Diagonal arrowheads indicate the colocalisation of NPDs
with HSV-induced phase-dense nuclear domains. Identical phase dense bodies were formed in infected cells, localising to the
periphery of replication compartments whether or not the cells were pulse-labeled with HPG.
doi:10.1371/journal.ppat.1005927.g005
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The formation of these NPDs was observed independently of cell type and were seen with
similar qualitative features after infection of lines including Vero, HaCaT, RPE, HeLa and pri-
maryMRC cells (S2 Fig).
As shown in Fig 1D and 1F, of virally encoded newly synthesised proteins within 1–2 hr
only IE proteins were made to any significant extent and from quantitative scanning analysis
of the lane protein profiles of newly synthesised proteins, the overall newly synthesised protein
load changed little (Fig 1D, Mock vs 2 hr).
It was possible that NPDs represented new IE protein accumulation (potentially with host
proteins) on infecting genomes localised in the nucleus. Therefore we examined colocalisation
Fig 6. NPDs do not generally colocalise with viral IE protein ICP0. Vero cells were infected with HSV-1, pulse-labeled for 30 min
with HPG at 1 2 or 4 hr p.i., fixed and analysed for ICP0 (red) and newly synthesised protein (green). Arrows point to the red ICP0 foci
on the merged image and are superimposed on the HPG channel to show that the NPDs do not precisely colocalise with ICP0 foci, but
rather are frequently juxtaposed.
doi:10.1371/journal.ppat.1005927.g006
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of NPDs with ICP4, previously shown by several laboratories to efficiently localise to nuclear
viral genomes [45–47]. In contrast to our expectation,NPDs showed little localisationwith
ICP4. In the results (Fig 4B, 2 hr) comparing localisation of newly synthesised proteins (HPG,
green channel) versus steady-state ICP4 (red channel), example NPDs (diagonal arrows) are
indicated in both channels for ease of cross-reference to ICP4 localisation. The NPDs did not
represent sites of ICP4 accumulation (horizontal arrows), nor were the ICP4 foci associated
with NPDs. Over the course of this work, including at least ten independent experiments evalu-
ating NPD formation versus ICP4 localisation, enumerating at least 10–20 cells in each experi-
ment, and counting over one hundred NPDs, in no case did we observe selective ICP4
accumulation within an NPD. Rather it was very clear from the results ICP4 was selectively
excluded fromNPD formation.
Moreover later in infection (Fig 4B, 4 hr) as ICP4 accumulates in lobed domains which rep-
resent DNA replication compartments [45,48], we could see that NPDs did not represent sites
of ICP4 accumulation and moreover were excluded from the latter, though frequently specifi-
cally abutting the ICP4+ve DNA replication domains.
NPDs are distinct phase dense domains formed normally during
infection
During our analysis we noted that NPDs could frequently be observedby phase microscopy, as
small phase dense spherical domains seen exclusively in infected cells. Typical examples show-
ing the spatiotemporal accumulation of HPG-labeled newly synthesised proteins in NPDs are
shown in Fig 5 (HPG-Pulse, 2,4,6 hr). Although exceptionally a small number of phase dense
domains could be observedwithout new protein, for the most almost all NPDs could be
Fig 7. NPDs associate with PML domains in a spatially defined manner. Vero cells were mock-infected or infected with w/t HSV-1 (A) or ICP0
RING-finger mutated HSV-1 strain FXE (B), then pulse-labeled with HPG for 30 min at 1 or 2 hr p.i., fixed and processed for newly synthesised proteins
(green) and total PML localisation (red). Arrows point to the PML domains and are superimposed on the HPG channel to illustrate the juxtaposition of
PML to a population of NPDs for the w/t and mutant viruses as discussed in the text.
doi:10.1371/journal.ppat.1005927.g007
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observed as spherical phase dense domains. We therefore examined whether such phase dense
domains (which we have labeled as PDs for the purpose of cross-reference) could be observed
during the progression of infection, in normal medium containing methionine in place of
HPG. The results (Fig 5, Control) demonstrated that this was the case, with the timing, num-
bers and relative size of PDs being identical whether cells were pulsed with HPG or not. By def-
inition we cannot analyse newly synthesised proteins in the absence of HPG but we also
observed that PDs formed during infectionmost frequently formed outside and abutting
Fig 8. NPDs juxtapose to and overlap with PML domains in HSV-1 ICP0[FXE] infected cells. Vero cells were infected with ICP0
RING-finger mutated HSV-1 strain FXE, pulse-labeled with HPG for 30 min at 4 hr p.i. and analysed as described in Fig 7. Several
typical fields are illustrated. The clear spatial relationship between PML domains and NPDs are indicated in the white squares. While
many persisting PML domains were associated with NPDs, NPDs were in excess of PML domains. Quantification data of NPD/PML
association as discussed in the text are presented in S1D–S1E Fig.
doi:10.1371/journal.ppat.1005927.g008
Spatiotemporal Analysis of Protein Synthesis during HSV Infection
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developing replication compartments (localisedhere by ICP4, which is excluded from PDs).
These data demonstrate not only that PD formation occurs in the natural course of infection
and is unrelated to whether or not cells are pulse labeled with HPG, but also allow the conclu-
sion that such domains represent structural sites into which a significant percentage of newly
synthesised proteins in HSV infected cells is progressively recruited.
NPDs are distinct domains spatially related to PML/ND10 domains
ICP4 was specifically excluded from NPDs and we next performed similar analyses attempting
to show localisation betweenNPDs and ICP0 (Fig 6). Within 1–2 hr, NPDs were observedbut
showed no clear colocalisationwith ICP0. In this case however, although it was initially diffi-
cult to attribute any specific association due to the more abundant ICP0 foci, we noted that a
population of ICP0 frequently abutted NPDs (Fig 6, 2 hr; white arrows indicate ICP0 foci, in
merged image and superimposed on HPG channel). As infection progressed (Fig 6, 4 hr), NPD
domains were maintained while nuclear ICP0 gradually reduced as the protein becamemore
prominent in the cytoplasm, consistent with earlier results [49–51].
The possible juxtaposition of at least a part of the NPD population with ICP0 foci led us to
investigate the relationship betweenNPDs and steady-state PML domains (also called ND10),
[52], where ICP0 accumulates at early times of infection, with resultant progressive PML
domain disruption [52–55]. In mock infected cells, classical PML/ND10 domains were
observedwith no obvious subnuclear accumulation of newly synthesised proteins and no NPD
formation (Fig 7A, Mock). Within 1 to 2 hr p.i., PML domains were progressively disrupted as
anticipated [53,54,56,57].While this made it more difficult to quantify potential colocalisation
of the disrupting PML domains with the increasing formation of NPDs, nevertheless we fre-
quently observed an association and a juxtaposition of remaining PML domains with a subset
of the NPDs (Fig 7A, 1 hr, 2 hr; arrows). During highmultiplicity infections with wild-type
HSV, pre-existing PML domains (i.e., those present prior to infection), are disrupted and pro-
gressively disappear. Some PML protein can be mobilised or mislocalised to infecting virus
genomes/protein aggregates [58–61]. However in the presence of normal ICP0, these are small
foci/aggregates, discernibly distinct from original PML domains. Furthermore during high
multiplicity infections with w/t HSV as performed here, any induced PML-containing aggre-
gates are extremely difficult to discern [58,60]. Nevertheless it was possible that at least some of
the NPD formation which we observed could be due to their formation adjacent to induced
PML -containing aggregates.While possible, this was not the most likely explanation for our
results considering the combined results of the following sections.
Thus, to investigate NPD formation further we performed a similar analysis using a HSV
mutant, HSV-1 ICP0[FXE], which contains a RING-finger deletion in ICP0 and as a result
does not disrupt pre-existing PML domains [46,62]. In this case, the progressive formation of
the NPDs, including their localisation to the periphery of DNA replication compartments,
could now be seen in clear association with PML domains, forming not in a directly colocalised
manner, but rather in a juxtaposedmanner directly abutting the PML domains (Fig 7B, 2–4 hr,
HPG vs PML). High magnification images of several cells illustrating the typical relationship
between these two structures are shown in Fig 8 i-iv and quantitative analysis of NPD forma-
tion in relation to PML domains in a population of HSV-ICP0[FXE] infected cells is supplied
Fig 9. NPDs form adjacent to ICP0/PML domains. (A) Vero cells were infected and processed as described in Fig 8, in this
case for simultaneous localisation of newly synthesised proteins (i, green), PML (ii, red) and ICP0 (iii, blue). The higher
magnification insert emphasises the juxtaposition of PML and ICP0 in relation to NPDs. (B) Typical examples of merged
channels showing precise colocalisation of mutant ICP0 with PML (purple) and the juxtaposition with NPDs (green).
doi:10.1371/journal.ppat.1005927.g009
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in panels d and e (S1 Fig). For each individual cell examined, total NPDs are indicated by green
dots, total PML domains in red dots and NPD-PML associated domains (termedNPDP) in
orange dots (S1D Fig), summarised in the bar chart (S1E Fig). On average, there were greater
numbers of NPD domains in infected cells than there were pre-existing PML domains in unin-
fected cells with means of 15–16 and 11–12 respectively in this population. In most cells (Fig 8,
i-iv), virtually all the PML domains showed a distinct spatial configurationwith respect to the
assembling NPDs, which formed directly adjacent and in close association, as if emanating
from the PML domains. The same was not true in reverse. As indicated from the comparative
numbers, other NPDs frequently formed within cells without an obligatory positional relation-
ship with PML domains (Fig 8, i-iv; S1D and S1E Fig).
To confirm this relationship, we performed a three-way analysis simultaneously visualising
newly synthesised proteins (HPG, green channel), PML domains (red channel), and ICP0
(blue channel) after infectionwith HSV-1 ICP0[FXE]. Various combinations of the channels
are shown for ease of reference (Fig 9A, iv and v). As anticipated, and as previously shown
[54,58,62], PML domains were maintained and colocalisedwith ICP0[FXE] protein (panels ii,
iii and merged panel v). Therefore, we anticipated that NPDs would form in frequent
Fig 10. Spatial relationship between NPDs with SUMO and FK2-ubiquitin accumulation. Vero cells were infected and processed
as described in Fig 8 for simultaneous detection of newly synthesised proteins (green) and total SUMO-modified (red) or ubiquitinated
proteins (blue). Diagonal arrows denote example NPDs which have no obvious association with SUMO-containing foci. These latter foci
do contain ubiquitinated species (horizontal arrows). For ease of inspection, the lower two fields show HPG versus SUMO alone, and
HPG versus SUMO versus ubiquitin.
doi:10.1371/journal.ppat.1005927.g010
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Fig 11. Hsc70 is recruited to NPDs at later stages of infection. Vero cells were infected with HSV-1, pulse-labeled with HPG for 30
min at the times indicated, fixed and analysed for Hsc70 (red) and newly synthesised protein (green). NPDs are indicated by diagonal
white arrow heads and early in infection show no recruitment of Hsc70. Small vertical arrows indicate formation of Hsc70 aggregates,
spatially separated from NPDs but also containing a population of newly synthesised protein. Diagonal arrowhead later in infection
show prominent co-localisation between NPDs and Hsc70, frequently with Hsc70 coating the exterior of the NPDs.
doi:10.1371/journal.ppat.1005927.g011
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Fig 12. Polyubiquitinated species are recruited to NPDs at later stages of infection. Vero cells were mock-infected or infected
with HSV-1, pulse-labeled with HPG for 30 min at the times indicated, fixed and analysed for polyubiquitinated species (FK2
Spatiotemporal Analysis of Protein Synthesis during HSV Infection
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juxtaposition to ICP0/PML and this is precisely what we observed. In particular, the HPG/
ICP0 image (panels i, iii and merged panel iv) illustrates this point. A magnified section of the
three colour merged panel v is also shown. Several typical examples of this three-way analysis
are further shown in Fig 9B i-iv, illustrating firstly, the broad colocalisation of ICP0[FXE] and
PML (red/blue overlap appearing purple) and secondly the frequent juxtaposition of NPDs
(green channel) abutting PML/ICP0 domains.
NPDs form early without accumulation of bulk sumoylated or
ubiquitinated proteins
PML domains represent a major site of SUMO-1 accumulation in the cell and are also fre-
quently found in close apposition to bulk ubiquitinated species, especially under conditions
where protein degradation is blocked [63–66]. We therefore examined whether NPDs induced
localisation, red) and newly synthesised protein (green). In mock infected cells HPG localised in a generally diffuse pattern with some
nuclear la accumulation while polyubiquitinated species were found in a speckled diffuse nuclear pattern with variable numbers of
discrete foci. NPD formation in infected cells is indicated by diagonal white arrowheads and early in infection NPDs show no
colocalisation with FK2+ve foci. Conversely small vertical arrows indicate FK2+ve foci which show no obvious spatial relationship with
NPDs. As described in the text (see also Fig 10) a subset of NPDs localised adjacent to, co-joining FK2+ foci (see inserts of the merged
fields). Diagonal arrowheads later in infection show prominent co-localisation between NPDs and FK2+ve species, either as in example
cell a, as co-joining asymmetric foci or frequently, as in example cell b, with virtually complete overlap FK2+ve species coating the
exterior of the NPDs
doi:10.1371/journal.ppat.1005927.g012
Fig 13. ICP22 localises to NPDs and phase-dense nuclear bodies. Infected Vero cells were either untreated (standard media;
control) or HPG pulse-labeled for 30 min at 2 hr p.i. (HPG), fixed and analysed by fluorescence (for newly synthesised proteins (green)
and ICP22 (red) and by phase microscopy. Diagonal arrowheads indicate the colocalisation of NPDs with ICP22 as well as phase-
dense nuclear domains. The inset shows the precise co-localisation of ICP22 with NPDs. The punctate localisation of ICP22, and its
recruitment into phase dense bodies was independent of HPG pulse-labeling and also observed in the control infected cultures in the
absence of HPG(Control).
doi:10.1371/journal.ppat.1005927.g013
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early in infection (4 hr post infection) represented sites of increased SUMO or ubiquitin modi-
fication. The results (Fig 10) show that while SUMO and ubiquitin colocalised in discrete foci
in infected cells (Fig 10, horizontal arrows, red v blue channels), NPDs were distinct from and
showed little accumulation of either SUMO or ubiquitin (Fig 10, HPG, green channel, diagonal
arrows). Since PML colocaliseswith SUMO, and as shown above, a subset of NPDs localised
adjacent to PML domains, it would be anticipated also that certain of the NPDs would localise
adjacent to SUMO/ubiquitin foci and this is exactly what was observed (Fig 10, HPG v SUMO
and HPG/SUMOmerge).
We further investigated whether blocking protein degradation would, a) induce the forma-
tion of NPDs in uninfected cells, or b) affect their formation in HSV infected cells. We there-
fore examined the effect of addition of MG132 (added prior to and during the HPG pulse) on
protein localisation in uninfected and HSV infected cells in relation to PML domains. The
results showMG132 treatment produced no qualitative effect on protein localisation in unin-
fected cell nuclei (S3A Fig, green channel), while at the same time, consistent with previous
reports [64], increased numbers of PML domains were observed (S3A Fig, red channel).
In HSV infected cells (S3B Fig), as previously shown [54,67,68], MG132 blocked the disrup-
tion of PML domains resulting in more numerous domains than those seen in untreated unin-
fected cells (S3B Fig, c.f., PML -/+MG132). MG132 treatment also resulted in increased
numbers of NPDs in infected cells. The spatial and numeric relationships betweenNPDs
and PML domains in infected and MG132 treated cells were complex as describedbelow.
Fig 14. Fig Nuclear accumulation of cellular proteins synthesised prior to infection. Uninfected Vero cells were pre-labeled with
HPG (30 min pulse) followed by an infection with HSV-1 at an MOI of 10 for 4 hr (HSV-1) or mock infection (Mock). Cells were then fixed
and stained for Hsc70, followed by click reactions. Cells containing Hsc70 foci were identified and the subnuclear localisation of newly
synthesised proteins (green) and Hsc70 (red) are shown with diagonal arrowheads indicating the colocalisation of nuclear NPDs and
Hsc70 foci as discussed in the text.
doi:10.1371/journal.ppat.1005927.g014
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Thus, PML localisation could for the most part be categorised into one of two types. Type 1
domains (S3B Fig, PML channel, vertical arrows) were generally more homogeneous and
spherical, and resembled the domains normally seen in uninfected cells. Type 2 domains (diag-
onal arrows) were generally larger, irregular and more aggregated in appearance. This grouping
could be made on the basis of morphologywith anti-PML antibody alone but was reinforced
by a clear selective association of the type 2 PML domains with a subset NPDs. Thus while type
1 PML domains showed little accumulation of newly synthesised proteins and no obvious asso-
ciation with NPDs, type 2 PML domains showed a clear association, often a completely over-
lapping colocalisationwith NPDs (S3B Fig, +MG132; diagonal arrows, HPG vs PML). The
expanded insert (S3B Fig, +MG132, centre field), illustrates in each channel, adjacent type 1
(lower domain) and type 2 PML domains (upper domain), with only the type 2 domain exhib-
iting distinct colocalisationwith a NPD. Possible explanations are proposed in the discussion.
Thus Type 1 PML domains could represent original “older” domains, present before treatment
with MG132, which as shown above (Fig 7), do not accumulation newly synthesised proteins.
Type 2 PML domains would then represent those domains induced specifically after protea-
some inhibition, with these domains accumulating newly synthesised proteins made during the
pulse timeframe after drug treatment. Although the spatial and temporal relationship is com-
plex, taken together with results of the previous section, several points are clear; 1) that protea-
some inhibition per se was insufficient to induce NPDs in uninfected cells, 2) that HSV
infectionwas required and 3) that NPDs very frequently accumulated in a precise spatial rela-
tionship co-joining pre-existing PML domains.
Formation of NPDs requires viral gene expression but is independent
from DNA replication and late gene expression
We next used inhibitors to examine what broad phases of events were required in infected cells
to induce NPDs. Clearly by definition, inhibition of protein synthesis with CHX completely
blockedNPD formation (Fig 2). Consistent with their formation very early after infection, inhi-
bition of DNA synthesis by acycloguanosine (S4 Fig, Con vs ACG) had little effect on the for-
mation of NPDs. Blocking de novo infected-cell transcription with actinomycin D (Act. D)
prevented the formation of NPDs indicating that virus infection per se did not result in the
accumulation of any newly synthesised cellular proteins (translated in the presence of Act. D)
into NPDs. Interestingly however, inhibition of transcription did result in the accumulation of
newly synthesised cellular proteins in a very distinct manner, colocalising around cellular
nucleoli (S4 Fig). It is well known that Act. D specifically induces the formation of “nucleolar
caps” [69], representing the relocalisation of nucleolar proteins within a disrupted nucleolus
together with the recruitment of novel nucleoplasmic proteins to the caps [70,71]. Our results
are consistent with these previous data, reflecting the recruitment of newly synthesised proteins
(nucleoplasmic and nucleolar) to Act. D-induced caps. These structures however are unrelated
to NPD formation. Our analysis of protein localisation in the presence of Act.D indicate per-
haps not unexpectedly, that virus gene transcription is required for NPD formation.
We also tested whether NPDs could be observed in uninfected cells undergoing various
stresses or treatments, including proteasome inhibition, heat shock and interferon treatment
(S5A–S5C Fig). However while these various conditions produced the expected phenotype, e.g.
an increase in SUMO/ubiquitin foci with MG132 treatment [64], localisation of Hsp70 in the
nucleolus during heat shock [72–74] and an increase in PML domains after interferon treat-
ment [75,76], under none of these conditions did we observe formation of the typical NPDs in
uninfected cells that we observe in HSV-infected cells (S5 Fig).
Spatiotemporal Analysis of Protein Synthesis during HSV Infection
PLOS Pathogens | DOI:10.1371/journal.ppat.1005927 October 5, 2016 21 / 37
Relationship of NPDs to VICE domains
A number of studies including from our own laboratory, have previously reported on the loca-
lisation of individual viral encoded proteins or GFP-fusion proteins to small spherical domains
within the nucleus of HSV infected cells [77–80]. In particularwe noted the potential similarity
betweenNPDs and previously described virus induced chaperone enriched (VICE) domains
[31,80,81]. These domains were reported to form progressively during HSV infection at the
periphery of late replication compartments and to recruit certain components of the protein
quality control machinery, with the defining feature being the recruitment of Hsc70 and associ-
ated co-chaperones [30,31,82]. However there were certain differences in the characteristics of
NPD formation reported here and VICE domain formation characterised in previous reports.
For example, we observed efficient NPD formation during infectionwith an ICP0-defective
mutant while VICE domain formation (i.e., Hsc70 recruitment) was significantly suppressed
[81]. Furthermore while NPDs did not initially colocalisewith abundant Sumo or ubiquiti-
nated species, VICE domains recruit significant levels of ubiquitinated species. Nevertheless
given the similarities in relative spatial localisationwe investigated the relationship between
NPDs and VICE domains using the diagnosticmarker Hsc70. The results (Fig 11) indicated
that there was indeed a clear spatial relationship betweenNPDs and VICE domains but also a
distinct temporal separation in their formation.
Thus, at very early times after infectionNPD formation could be readily observedwithout
any recruitment of Hsc70 (Fig 11, 2 hr). We noted occasional localisation of Hsc70 with more
irregular, aggregatedHPG-containing foci (Fig 11, 2 hr, small vertical arrows). These latter aggre-
gates however were distinct from the defined regular spherical NPDs which showed no enrich-
ment nor any recruitment of Hsc70 (Fig 11, 2 hr, large arrowheads). By contrast, at later times of
infection,Hsc70 could now readily be seen to be recruited to definedNPDs, frequently appearing
as a coat, surrounding the outside of the NPDs. Representative images (Fig 11, 4, 6 hr) show
many NPDs by these stages contained significant levels of colocalisedHsc70, with quantitative
analysis demonstrating progressively increasingHsc70 associationwith time (S1 Fig, panel f).
VICE domains, in addition to recruitment of Hsc70, have been reported [81] to recruit ubi-
quitinated proteins as detected by the monoclonal antibody FK2 [83]. However the results of
Fig 10 indicated that, at least during early times of formation, NPDs showed no selective
recruitment of polyubiquitinated species, although a subset of NPDs were found frequently
directly adjacent to ICP0/PML/FK2 positive foci. Considering the temporal distinction
betweenNPD formation and Hsc70 recruitment, we evaluated the temporal recruitment of
polyubiquitinated species with results indicating broad similarity to Hsc70 (Fig 12). Thus, by 2
hr postinfection, numerous NPDs were observedwithout any co-localisationwith polyubiqui-
tinated species (which were found in variable numbers of discrete independent foci, as well as a
diffuse speckled background pattern very similar to uninfected cells (Fig 12, 2 hr). In the figure,
vertical arrows indicate pronounced FK2+ve foci which show no obvious relationship with
NPD formation, while diagonal arrowheads show NPD formation without significant recruit-
ment of polyubiquitinated species. The insert shows that a subset of NPDs could be found with
co-joining FK2+ve foci consistent with earlier results (Fig 10). As infection progressed the
increasing presence of polyubiquitinated species with NPD domains could be observed, either
as more obviously co-joining foci (Fig 12, 6 hr, a) or with more complete co-localisationwith
FK2 localising in a rim like pattern around the outside of the later NPDs (Fig 12, 6 hr, b), a pat-
tern very similar to that seen for Hsc70. Generally it appeared that Hsc70 recruitment to NPDs
could be seenmore readily earlier than the FK2+ve staining, though this may reflect differences
in antibody detection.What was clear that NPDs formed very early without any significant
recruitment of either species.
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To pursue further the association betweenNPDs and VICE domains, we examined the rela-
tive localisation betweenNPDs and ICP22. As shown above (Fig 4) ICP4 did not colocalise
with NPDs while a population of ICP0 localisedwithin ND10 domains frequently adjacent to
NPDs (Figs 7 and 8). ICP22 on the other hand has been reported to be precisely localised to
VICE domains, colocalisingwith recruitedHsc70 [32]. The results (Fig 13) demonstrated the
efficient recruitment of ICP22 to NPDs even at early times after infection prior to Hsc70
recruitment (2 hr), and as with Hsc70 at later times, frequently coating the perimeter of the
NPDs. Both the NPDs and colocalising ICP22 could be observed as phase dense bodies (Fig 13,
arrowheads).We note that the localisation pattern of ICP22 and its recruitment to phase dense
bodies was observedwhether or not cells were labeled with HPG (Fig 13, control).
Altogether these results reconcile our earlier data and reinforce the conclusion that NPDs
form early in infection in the absence of pronounced recruitment of Hsc70 or ubiquitinated
species. Based on these results, differences in characteristics of the formation of NPDs and
VICE domains can now be explained in the model, as outlined in the discussion, whereby
NPDs recruit de novo synthesised proteins into specialisedphysical subdomains which are pre-
cursors to VICE domains and later through qualitative or quantitative alterations progressively
recruit Hsc70 and related factors.
Nuclear accumulation of cellular proteins synthesised prior to infection
To examine whether NPD/VICE domain formation included the recruitment of host cell pro-
teins made prior to infectionwe performed a pulse-chase experiment whereby uninfected cells
were pre-labeled with HPG prior to infection (30 min pulse), the label washed out and cells
then infected in the presence of normal methionine. In this type of pulse-chase regime, from
the time of infection onwards newly synthesised virus or host proteins would not be labeled,
and localisationwould track only those proteins synthesised in uninfected cells, prior to infec-
tion. In this case, we examined NPD/VICE domain using progression to Hsc70 recruitment as
a diagnosticmarker. The results indicated that in virtually all Hsc70-containing domains,
recruitment of host cell proteins made during the labeling period prior to infection was
observed.A typical field is shown in Fig 14, with pre-labeled protein recruited into foci sur-
rounded by Hsc70 in a coat-like manner. This contrasted with the localisation in uninfected
control samples that were pulse-labeled and then chased for a similar period (Fig 14, Mock).
We noted also in infected cells that had not progressed to form Hsc70-containing domains,
that the distribution of the previously synthesised cellular proteins could also be observed in
more irregular foci and speckles, frequently at the nuclear periphery. These results indicate that
the detailed kinetics of recruitment of that cohort of cellular proteins made prior to infection
could differ from those cellular proteins made early after infection.Nevertheless it was clear
that a significant population of cellular proteins translated just prior to infection were subse-
quently recruited into NPD/VICE domains as infection progressed.
Discussion
We employ emerging techniques in chemical biology to provide the first spatiotemporal analy-
sis of newly synthesised proteins during infection by a human virus, herpes simplex virus.We
validated the use of the methionine analogue, HPG, for analysis of protein synthesis by
SDS-PAGE and in-gel fluorescence, confirmingHPG incorporation into bulk newly synthe-
sised protein species. Our results are consistent with previous reports on HPG incorporation
and click chemistry for the analysis of protein synthesis in tissue culture cells, which demon-
strated also that HPG was incorporated in an unbiased fashion, non-toxic and did not alter
global protein synthesis or turnover kinetics [33,44]. We found the resolution of the
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production and timing of virus induced proteins by HPG-labeling, SDS-PAGE and in-gel fluo-
rescence to compare favourably with that we have routinely obtained in our laboratory by 35S-
methionine pulse-labeling and autoradiography [40–43,84,85].
Spatial analysis of newly synthesised proteins
Our results on spatial analysis in uninfected cells show the rapid accumulation of newly synthe-
sised proteins into the nucleus as well as their distribution into cytoplasmicmembranous com-
partments which, from co-localisationwith steady state markers (S6 Fig) represent newly
synthesised proteins partitioning to ER, Golgi and other organelles. These results are consistent
with and expand upon previous analysis of newly synthesised proteins in uninfectedmamma-
lian cells [20,33,44,86,87]. They also indicate that by varying the duration of HPG pulse-label-
ing combined with different chase times in normal medium, it should be possible in future
work to investigate cytoplasmic protein flux through the protein export and compartmentalisa-
tion apparatus and the perturbation of those processes as infection precedes.
Specialised domains of newly synthesised proteins in the nucleus
Here we focus on nuclear protein localisation and the assembly of novel domains in infected
cell nuclei which we have termed newly synthesised protein domains (NPDs). NPD formation
was observedwithin 1–2 hr of infectionwhen only the viral IE proteins were expressed to any
significant extent and when there was little global change in the overall rate of protein synthesis
or load compared to uninfected cells (see Fig 1D and 1F). We initially considered that NPDs
may represent sites of protein accumulation, including ICP4, on infecting virus genomes but
this was clearly not the case. Rather we show a distinct spatial association betweenNPDs, PML
domains and virus-inducedVICE domains and propose a model for protein processing in the
infected cell nucleus which links these observations together (Fig 15).
This model illustrates the outcome of wild-typeHSV infection and attempts to unify obser-
vations: i) on the induction of NPDs and parallel disruption of PML domains, ii) the frequent
but not exclusive association between PML domains and NPDs under conditions where PML
domains persist (e.g., with an ICP0 mutant) and iii) on the relationship betweenNPD forma-
tion and VICE domain formation.
NPDs are proposed to be absent from uninfected cells and are only induced following
infection (Fig 15A). However it is conceivable that NPDs could be present in uninfected cells
(Fig 15B) but for example, function normally in terms of protein flux, and therefore not be
detected by protein accumulation and without prior knowledge of stable structural compo-
nents would therefore not be detected. PML domains (Fig 15, red spheres) comprise proteins
with a more stable structural role, together with proteins in dynamic flux of recruitment and
dissociation [75,88,89] (Fig 15, indicated by directional arrows)Vero. However these domains
are detected solely from the point of view of having antibodies (or targeted chimeric fluorescent
proteins), to visualise the steady-state localisation of key constituents including e.g., PML or
SP100.
In the pathway for de novo formation following HSV infection (Fig 15A), arrows indicate
the recruitment of newly synthesised proteins into the NPDs, likely representing a significant
population of newly synthesised nuclear proteins. There is clear selectivity in recruitment to
NPDs. PML domains which are generally of similar size and morphology to NPDs, do not
detectably accumulate abundant newly synthesised proteins. Analysis of the distribution of
HPG containing proteins in NPDs versus the total nuclear population during the pulse period
indicates that 1–3% of the labeled nuclear protein could be detected in NPDs within 1–2 hr p.i.
Parallel analysis of the distribution of these same proteins by in-gel fluorescence, indicates that
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the overall newly synthesised protein load in the nucleus changed only marginally, representing
at this stage mainly host cell proteins imported into the nucleus and comparatively low overall
abundance viral proteins, mainly of the IE class (Fig 1D, c.f. lanes 1 and 2 or 7 and 8). Neither
ICP4 nor ICP0 were recruited into NPDs (although as shown above ICP0 was frequently in
juxtaposition due to its association with PML domains), while early in infection ICP22 was
selectively recruited. Considering the fraction of the total de novo synthesised nuclear protein
recruited, the implication is that the majority of newly synthesised proteins within NPDs ini-
tially represents host cell proteins, together with ICP22 and that they progressively recruit
additional viral and host proteins (see below). This conclusion is consistent with our pulse-
chase analysis with pre-labeled uninfected cells showing recruitment of what must be exclu-
sively newly translated host cell proteins into later NPD/VICE domains.
The distinct spatial relationship between PML domains (under conditions of persistence)
and NPDs warrants speculation on a functional relationship between the two. One possibility
is that the recruitment rate of proteins to NPDs is significantly higher than their dissociation
rate, resulting in the appearance of these structures (Fig 15, HSV, NPD (a,b)). PML disruption
could then be an upstream event, causing e.g. a bottleneck in a spatially and functionally linked
processing pathway involving the two types of domains. However, PML disruption is not
required for NPD formation (since the latter are still formed after infectionwith the ICP0
mutant where PML domains persist), and while PML domains were almost always coupled to
NPD domains, the same was not true in reverse with NPDs frequently forming without a clear
association with persisting PML domains. Indeed the converse, that NPD formation was caus-
ally linked and upstream of PML disruption is also plausible, e.g. representing a block in the
onward transport of proteins from NPDs to PML domains. In this case again however since
NPDs and PML can be observed together after infection with the ICP0 mutant, this proposal
would require that NPD formation was linked to but not sufficient for PML disruption.
As indicated above one related possibility, still maintaining a link between the two domains,
is that NPDs pre-exist in uninfected cells and like PML domains comprise both structural com-
ponents and sites of dynamic protein trafficking (Fig 15, Uninfected B). Here the proper func-
tioning and flux of proteins (signified by light shading) would mean that they would not
accumulate bulk nuclear protein and without any specific antibody with which they are
marked, NPDs would not be visualised. There could be trafficking exchange betweenNPDs
and PML domains, whether or not they were in close physical association. If NPDs did pre-
exist then our model would propose that rather than de novo assembly, HSV infection would
perturb the normal flux through these pre-existing domains, revealing their presence adjacent
to PML domains with which they may be already linked.
Fig 15. Schematic model of the spatial relationship between NPDs, PML domains and VICE domains and potential
processing pathways of newly synthesised proteins. The dark red shading indicates PML domains in uninfected cells
and their functioning with dynamic recruitment and dissociation of target proteins (arrows in and out). The transparent lighter
red shading in HSV infected cells indicates their progressive structural and functional disruption. NPDs are formed de novo
only after infection (A) or in model (B), the possibility of pre-existing functional NPDs is indicated. Like PML domains, these
could represent sites of dynamic protein recruitment and onward transport. As such they would not accumulate bulk newly
synthesised proteins, and are thus indicated with transparent, light green shading. Their functional disruption, or overload, in
infected cells is indicated by the dark green shading, firstly as smaller domains recruiting selectively ICP22, and only later in
infection recruiting additional proteins including components of the host cell protein quality control machinery and in particular
Hsc70, the diagnostic marker of VICE domain formation. As discussed in the text, small arrows (NPD,a) indicate impaired
forward transport from NPDs and crosses (NPD,b) indicating a more complete block of transport of client proteins after
continual recruitment. NPD,c, indicates a more pronounced forward transport after recruitment of certain classes of client
proteins. ICP22 (magenta sphere), but not Hsc70, are recruited to NPDs during early stage of infection. As infection
progresses, bulk Hsc70 (yellow diamond), and polyubiquitinated species together with ICP22, accumulates at NPDs of larger
size.
doi:10.1371/journal.ppat.1005927.g015
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NPDs in relation to VICE domains
Previous work has demonstrated that HSV infection induces the formation of discrete domains
adjacent to and at the periphery of virus replication compartments [81]. These sites were
shown to recruit host proteins of the quality control machinery including Hsc70 and contain
ubiquitinated proteins and components of the 20S proteasome [31,81] while in other work,
ICP22 and potentially ICP27 were also shown to be required for Hsc70 relocalisation into such
foci [32,90]. It has been proposed that these domains, termed VICE domains, (virus-induced
chaperone-enriched domains) represent sites of nuclear protein quality control that may aid in
protein folding or remove aberrantly folded proteins to promote infection [30,31]. Indeed
drug-mediated inhibition of chaperone function or the presence of a dominant negative Hsc70
mutant have both been reported to reduce HSV replication [80,90].
Considering our cumulative data on NPD formation and protein localisation together with
previous characterisation of VICE domain formation we can propose a model that reconciles
any differences between the two, whereby early in infection de novo synthesised host cell pro-
teins together with in particular, ICP22 and possibly ICP27 [90] are recruited to NPDs which
form the precursors to VICE domains. At this stage neither later virus encoded proteins, such
as UL6 [81] or VP13/14 [91,92] nor host proteins e.g., Hsc70 are recruited to NPDs. In this
model NPDs are still formed efficiently in the absence of functional ICP0, but because ICP0 is
required for normal robust later protein synthesis, in the absence of ICP0 the early formed
NPDs would not progress and would not recruit additional proteins including Hsc70. Since
Hsc70 recruitment (rather than formation of domains containing new synthesised proteins) is
the definition of VICE domain formation, this model therefore adequately reconciles the
apparent difference in requirement for NPD and VICE formation. However we find no support
for the suggestion that NPDs/VICE domains are formed from components of PML domains
[93] and as stated we do not find that NPDs are formedmainly after PML domain disruption,
although with Hsc70 recruitment as the hallmark, this does usually occur temporarily later,
after PML disruption.
Our results provide a linking explanation for the formation of VICE domains and their pro-
gressive recruitment of protein quality control machinery. We propose earlier in infection,
defined and structurally organised domains (as for PML domains) are formed into which sig-
nificant levels of de novo translated host,-and later viral cellular proteins are recruited.
Whether or not these domains pre-exist in uninfected cells will require structural characterisa-
tion and protein identification, at least of proteins which would be more stably present perhaps
forming some sort of scaffold but our current favoured model is that NPDs form de novo dur-
ing infection. At least a subset of these NPDs could be present as a spatially linked protein pro-
cessing platform with PML domains, with proteins dynamically recruited to and trafficking
onward fromNPDs. It is also possible that NPDs represent a processing or folding bottleneck
and their formation (Fig 15, HSV NPDs labeled a and b), as previously suggested [30,31,80],
acts as a cyto-protectivemechanism to prolong the viability and functioning of infected cell
viral protein production and assembly or as an intermediary quality control site from which
properly folded and assembled subunits would be released after appropriate monitoring mech-
anisms, to form functional assemblies e.g. multimeric or multi-subunit complexes (Fig 15,
NPD, domain labeled c). From the combined analysis of our data we believe that a significant
fraction of newly translated proteins that are imported into the nucleus, traffic into or through
NPDs. Is likely that for individual proteins or assemblies there are differences in the kinetics of
trafficking onward fromNPDs. Individual species of proteins that have slower kinetics (or
indeed are retained for prolonged periods)would then more readily register in NPDs by
steady-state analysis using antibodies and conventional immunolocalisation.
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Ultimately a complete characterisation of NPDs will require biochemical, approaches which
are tractable since newly synthesised proteins incorporatingHPG can be selectively purified
away from the total proteome by chemical coupling to other capture reagents, allowing the
integration of spatiotemporal data with analysis on biochemical fractionation, enrichment and
mass spectrometryof newly synthesised proteins [33]. While such work is beyond the scope of
this current analysis which focuses on spatial aspects of bulk protein dynamics early in infec-
tion, our results provide novel insight into fundamental processes in protein metabolism and
trafficking early after HSV infection and possible unifying explanations for other observations
in the field.
Materials and Methods
Cell culture
African GreenMonkey kidney fibroblast (Vero) cells, human epithelial keratinocytes (HaCaT),
human fetal lung fibroblast (MRC-5) cells and HeLa cells were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM; Gibco) supplemented with 10% Fetal Bovine Serum (FBS; Gibco),
and penicillin/streptomycin (Gibco). RPE-1, a human telomerase immortalised retinal pigment
epithelial cell line, was grown in DMEM/F12 (Sigma) supplemented with 200 mM glutamine,
10% FBS and penicillin/streptomycin.
Viruses, infections and treatments
The viruses used in this study were HSV-1[17] and ICP0 ring finger-mutated HSV-1 strain
FXE (kindly supplied by Professor R. Everett). Infections were routinely performed at a multi-
plicity of infection (MOI) of 10. Infectious viral titers were determined by plaque assays on
Vero cells. For the examination of the effects of HPG pulse-labelling on virus yields (Fig 2),
supernatants were collected either immediately after inoculum removal (t = 0) and an acid
wash (40 mM citric acid, 10 mMKCl, 135 mMNaCl, pH 3) to represent virus input or at 20.5
hr p.i., to represent the final yields. In studies of NPD formation in the presence of various
inhibitors, ACG (Thermo Scientific)was used at a final concentration of 10 μM for the inhibi-
tion of viral DNA synthesis, and Act. D (Sigma-Aldrich)was used at 5 μg/ml for the inhibition
of transcription.MG132 (Calbiochem) at 10 μM was added to uninfected or infected cells for
4.5 hr before analysis. For heat shock of uninfected cells, monolayers were transferred from
37°C to a 42°C incubator for 1 hr prior to pulse-labeling (heat treatment continued during
labeling) and fixed immediately for analysis. Interferon-αA/D (Sigma-Aldrich) at 5000 U/ml
was added to uninfected cells for 6 hr before pulse-labeling and processing.
Antibodies for immunofluorescence studies
The following antibodies were used:mouse anti-ICP4 MAb (Virusys) (1:500); mouse anti-
ICP0 MAb (Virusys) (1:300); rabbit anti-ICP0 (r190) serum (kindly supplied by Prof. R. Ever-
ett) (1:500); rabbit anti-ICP22 serum (kindly supplied by Prof. S. Rice) (1:400); mouse anti-
PMLMAb 5E10 (a kind gift from Dr. R. van Driel) (1:10); rabbit anti-SUMO polyclonal anti-
body (PAb) (Alexis Biochemicals) (1:100); mouse anti-ubiquitin FK2MAb (Affiniti Research)
(1:600); rat anti-Hsc70 MAb (Abcam) (1:75) and mouse anti-HSP70 MAb (Sigma) (1:200).
Goat anti-rabbit Dylight 594 immunoglobulinG (IgG) (1:500) was obtained from Pierce
Thermo Scientific.Alexa Fluor 635 Goat anti-mouse IgG and Alexa Fluor 546 Goat anti-
mouse IgG were used at a 1:500 dilution and were purchased fromMolecular Probes. FluoP-
robes 547H Donkey anti-rat IgG (1:400) was obtained from Cheshire Sciences.
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Immunofluorescence studies
For immunofluorescence analysis, cells on glass coverslips were fixed at times indicated in 4%
paraformaldehyde for 10 min, permeabilisedwith 0.5% Triton X-100 (Sigma) for 5 min, and
blocked with phosphate-buffered saline (PBS) containing 10% goat serum for 30 min at room
temperature (RT). Cells were immunolabeled for 1 hr at RT with primary antibodies and 45
min with secondary antibodies, followed by click chemistry reactions as described below. Slides
were mounted in ProLong Gold Antifade Mountant (Molecular Probes). Images were acquired
with Zeiss Laser Scanning ConfocalMicroscope using argon lasers at 488 nm, 543 nm and 633
nm with Zeiss LSM 5 software. Each channel was collected separately, with images at 512 x 512
or 1024 x 1024 pixels, with 4x averaging, without or with a zoom factor. Single confocal sec-
tions were acquired or multiple z-sections at 0.2 μM intervals which were then compiled for
maximum projection display.
Homopropargylglycine (HPG) pulse-labeling and click chemistry
From systematic analysis of various parameters we optimised protocols for HPG incorporation,
click chemistry and fluorescence detection as follows. Cells on coverslips were mock-infectedor
infectedwith HSV-1 by normal procedures (MOI 10). At times indicated, mediumwas removed
and replaced with L-methionine-freeDMEM (Sigma-Aldrich) containing 2% FBS for 45 min to
deplete methionine prior to the addition of HPG (Molecular Probes) at a final concentration of
0.5 mM for a standard labeling time of 0.5 hr (for microscopy imaging) or 1 mM for 1 hr (for in-
gel fluorescence) in L-methionine-freeDMEM. In control experiments (e.g. Fig 1C; Fig 2), cells
were incubated in either standard media containing methionine (Con) or methionine-freemedia
for 45 min prior to standard media containing methionine (Met). In additional controls, cells
were incubatedwith HPG in the absence or presence of 100 μg/ml CHX, added 1 hr before
pulse-labelingwith HPG (Fig 1B; Fig 3). For the pre-labeling experiments,methionine depletion
and pulse-labelingwere performedprior to infection. For pulse-chase analysis, HPG was
removed and methionine was reintroduced into the system.When the pulse-labeled cells were to
be analysed in parallel for localisation of specific antigens, immunofluorescencewith primary
and secondary antibodies was carried out as standard (see above). The samples were then sub-
jected to click reaction in a buffer prepared freshly in each case (premixed for 2 min) and con-
taining 10 μMAlexa Fluor 488-azide (Invitrogen); 1 mMCuSO4; 10 mM sodium ascorbate; 10
mM amino-guanidine and 1 mMTris(3-hydroxypropyltriazolylmethyl)-amine (TBTA, Sigma-
Aldrich) in PBS pH 7.4. The reaction was then allowed to proceed by incubation for 2 hr at RT in
the dark. After removal of the reaction cocktail, cells were washed with PBS and mounted on
slides in ProLong Gold AntifadeMountant. Images were acquired as described above.
Quantitative analysis of NPD formation
For quantitation of the relative abundance of HPG-containing newly synthesised protein load
within NPDs as a fraction of the signal within the nucleus we used the thresholding and object
quantificationmodules of Image Pro Plus software (Media Cybernetics).HPG-labeled cells
were co-stainedwith DAPI to allow outlining of the entire nucleus and then the background
subtracted signal in the HPG-green channel quantified. NPDs were manually outlined and
tagged as objects and the signal quantitated for each object and for the total cumulative signal
in all objects combined. This was then expressed as a percentage of the entire nuclear signal.
The numbers of cells containing inducedNPDs was expressed as a percentage of the total pop-
ulation as time progressed, evaluating approximately 100 cells of each time point in each of 3
different experiments.Mean and SD are shown. To enumerate the numbers of NPDs in indi-
vidual nuclei, a total of 50 nuclei per time point were analysed. The size of each NPDs was
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measured to the nearest 0.1 μm using Zeiss LSM 5 Image Overlay and LineMeasure functions.
A total of 50 NPDs per time point were analysed. To assess association of NPDs and PML
domains, individual cells were analysed at 4 hr post infection, enumerating maximum projec-
tions of each cell for the total number of NPDs, those NPDs immediately juxtaposed to PML
(NPDP), and total number of PML domains. The raw data shown in S1D Fig is represented in a
bar graph showing the average number per cell of total NPD, NPDP, and total PML. Similar
analyses were performed for NPDs and Hsc70.
Cytosolic and nuclear fractionation
Cells were washed with ice-cold PBS and removed from 6-well culture dishes using cell scrapers,
and centrifuged for 5 min at 1000 rpm. Cell pellets were resuspended and lysed by incubation
with 250 μl of PBS extraction buffer (1 mM dithiothreitol (DTT), 1x complete protease inhibitor-
EDTA free, 0.5 mM phenylmethanesulfonyl fluoride (PMSF), 0.1 mM sodiumorthovanadate, 0.5
mMNaF, and 0.5%Nonidet P-40) for 10 min on ice. 50 μl of sample was retained as total frac-
tion. Cell suspensions were centrifuged at 3000 rpm for 5 min at 4°C. The supernatant represent-
ing the cytosolic fraction (200 μl) was retained and nuclear pellet was washed and resuspended in
PBS extraction buffer, centrifuged at 3000 rpm for 5 min at 4°C. The washed nuclear pellet was
resuspended in 50 μl of PBS extraction buffer (nuclear fraction).All three fractionswere made up
to a final concentration of 1% SDS in PBS and sonicated prior to click reactions. The nuclear frac-
tion was loaded at 4-fold more of cell equivalents as compared to the total and cytosolic fraction
and consequently equal concentrations of proteins (20 μg) were loaded for each track.
Click chemistry and in-gel fluorescence of newly synthesised proteins
Cells were lysed in PBS containing 2% SDS and diluted to 1% SDS before the click reaction.
100 μg of protein samples were subjected to the click reaction as follows. Click reaction buffers
were prepared by adding reagents in the following order with vortex-mixing between the addi-
tion of each reagent: capture reagent (IRDye 800CWAzide Infrared Dye from LI-COR, 1 μl,
(stock solution 10 mM in DMSO, final concentration 0.1 mM), CuSO4 (2 μl, stock solution 50
mM in water, final concentration 1 mM), Tris-(2-Carboxyethyl)phosphine (TCEP, 2 μl, stock
solution 50 mM in water, final concentration 1 mM), TBTA (1 μl, stock solution 10 mM in
DMSO, final concentration 0.1 mM). Following the addition of the click mixture (6 μl/sample),
the samples were placed on a rotating mixer for 1.5 hr at RT, and the reaction was stopped by
addition of EDTA to a final concentration of 10 mM. Subsequently, proteins were precipitated
(chloroform/methanol, 0.25:1, relative to the sample volume). The precipitated proteins were
pelleted by centrifugation at 14,000 rpm for 5 min, washed with methanol and air dried for 10
min. The pellets were then resuspended in 1XSDS sample buffer, boiled for 10 min and 20 μg
of proteins were loaded on 12% SDS-PAGE gels. Following electrophoresis, gels were washed
with water, fixed in solution containing 40% methanol, 10% acetic acid, 50% water for 5 min
and washed with water. In-gel fluorescence detection of translated proteins was performed
using a LI-COROdyssey scanner, and the protein loading was assessed by Coomassie blue
staining. Quantitative evaluation of total protein synthesis was assessed by importing scans of
the in-gel fluorescence into Quantity One densitometry software (Bio-rad) and using the Plot
Profile module for individual lane analysis after background subtraction. The total area under
the band peaks was used as a measure of ongoing protein synthesis
Western blot analysis
Proteins separated by electrophoresis as above were transferred to nitrocellulosemembranes
which were blocked with Odyssey blocking solution (LI-COR). After blocking,membranes
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were incubated overnight at 4°C with primary antibodies:mouse anti-ICP4 MAb (1:1500);
mouse anti-ICP0 MAb (1:1500); mouse anti-VP5 MAb (Virusys) (1:1500); mouse anti-ICP8
MAb (Abcam) (1:1500) and rabbit anti-γ-tubulin PAb (Sigma) (1:2000); diluted in blocking
solution. Membranes were washed three times with 0.05% Tween in PBS and incubated with
goat anti-mouse IgG Dylight 680 (Pierce Biotechnology) or goat anti-rabbit IgG Dylight 800
(Pierce Biotechnology) in blocking solution for 1 hr at RT in the dark. Visualisation of protein
bands was performed using the LI-COROdyssey Infrared Imaging System.
Supporting Information
S1 Fig. Quantification of NPD number, size and associationwith PML domains and
Hsc70. (A) The number of cells with HSV-1 inducedNPDs is expressed as a percentage of the
total number of the cells in three independent time course experiments. 100 cells were analysed
at each time point indicated. The mean percentage and SD are shown. (B) The numbers of
NPDs per positive nucleus was counted. Each dot represents an individual nucleus on the scat-
ter plot. A total of 50 nuclei per time point indicated were analysed. The mean number of
NPDs per nucleus is represented by the red line. (C) The sizes of individual NPDs were mea-
sured to the nearest 0.1 μm using Zeiss LSM 5 Image Browser Overlay Function. Approxi-
mately 50 individual NPDs were measured at each time point. The mean diameter of the NPDs
at each time point is represented by the red line. (D) To assess association of NPDs and PML
domains, a total of 10 individual cells (represented by A-J) were analysed at 4 hr post infection.
For each cell, the total absolute number of NPDs (green dot), NPDs immediately juxtaposed to
PML domains (NPDP; orange dot), and total number of PML domains (red dot) were counted.
(E) The raw data shown in S1d Fig is represented in a bar graph showing the average number
per cell of total NPD, NPDP, and total PML. (F) To assess colocalisation of NPDs and Hsc70, a
total of 10 cells of each time point indicated were analysed. For each cell, the total number of
NPDs (green), NPDs colocalisedwith Hsc70 foci (NPDH; yellow), and total number of Hsc70
foci (red) were counted. Mean and SD are shown.
(TIFF)
S2 Fig. NPDs are induced in different cell types by HSV-1 infection.Different cell types as
indicated were pulse-labeled for 30 min at 4 hr after mock-infectionor HSV-1 infection (MOI
10), fixed and subjected to click chemistry. Diagonal arrows indicate nuclear NPDs formed in
different cell types.
(TIF)
S3 Fig. Inhibition of proteasome activity does not induce NPD formation in uninfected
cells but reveals subtypes of NPDs in infected cells with distinct PML association.Vero cells
were pulse-labeled for 30 min at 4 hr after mock-infection (A) or infection (BMOI 10). MG132
(10 μM) was added after the first hour of viral adsorption and was present throughout infection
and pulse-labeling.Cells were then fixed and stained for PML, followed by click reaction. The
subnuclear localisation of newly synthesised proteins including NPDs (green) and PML (red)
were visualised.Vertical arrows in the bottom panels (HSV infected; +MG132) denote a class of
PML domains which did not associate with NPDs, while the diagonal arrows (numbered 2)
denote a second class of PML domains which colocalisedwith NPDs. Representative PML class
types are labeled on the HPG protein channel. The insert shows an area containing both a class 1
and class 2 domains showing the distinct difference in protein accumulation.
(TIF)
S4 Fig. Transcription but not DNA replication is required for the formation of NPDs.Vero
cells were pulse-labeledwith HPG for 30 min at 4 hr p.i. ACG (10 μM) and Act. D (5 μg/ml)
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were added after the first hour of viral adsorption and were present throughout infection and
pulse-labeling.Cells were fixed and stained for ICP4, followed by click reaction. The subnuclear
localisation of newly synthesised proteins including NPDs (green) and ICP4 (red) are indi-
cated.
(TIF)
S5 Fig. Proteasome inhibition, heat shock and interferon treatment do not induce the for-
mation of NPDs in uninfected cells. (A) Vero cells were treated with MG132 (10 μM) for 4 hr
before pulse-labeling and MG132 maintained during HPG labeling (30 min). Cells were then
stained for SUMO and FK2 in parallel with detection of newly synthesised proteins. (B) Vero
cells were heat treated at 42°C for 15 min before methionine depletion, and heat treatment con-
tinued during depletion and pulse-labeling (30 min). Cells were then fixed and stained for
HSP70, followed by click reaction. (C) Vero cells were treated with Interferon-αA/D (5000 U/
ml) for 6 hr before HPG-pulse-labeling (30 min) and stained for PML.
(TIFF)
S6 Fig. Spatial analysis of newly synthesisedproteins in the cytoplasm.Uninfected Vero cells
were pulse-labeled for 30 min with 0.5 mMHPG, fixed and simultaneously analysed for newly
synthesised proteins by click chemistry and distribution of steady-state organelle markers for the
ER (calreticulin,CalR) and Golgi (GM130) as indicated. Vertical arrows denote the relative cyto-
plasmic localisation of newly synthesised proteins, in relation to steady-state calreticulin, in unin-
fected. The cytoplasmic localisation of newly synthesised protein shows overlap with the ER.
(TIF)
Acknowledgments
We thank Roger Everett, Stephen Rice and Roel van Driel for the kind provision of reagents
and Thomas Henning for contributions of the early part of this work.
Author Contributions
Conceptualization:PO CSHT RAS.
Formal analysis:CSHT PO.
Funding acquisition: PO CSHT.
Investigation: CSHT RAS.
Methodology:RAS CSHT.
Resources:PO RAS.
Supervision:PO.
Validation: PO CSHT.
Visualization: CSHT PO.
Writing – original draft: PO CSHT.
Writing – review& editing: PO CSHT RAS.
References
1. Flint SJ, Enquist LW, Krug RM, Racaniello VR, Skalka AM (2009) Principles of Virology. Washington
DC: ASM Press.
Spatiotemporal Analysis of Protein Synthesis during HSV Infection
PLOS Pathogens | DOI:10.1371/journal.ppat.1005927 October 5, 2016 32 / 37
2. Jovanovic M, Rooney MS, Mertins P, Przybylski D, Chevrier N, et al. (2015) Dynamic profiling of the
protein life cycle in response to pathogens. Science 347: 1112–+.
3. Mann M (2006) Functional and quantitative proteomics using SILAC. Nature Reviews Molecular Cell
Biology 7: 952–958. doi: 10.1038/nrm2067 PMID: 17139335
4. Andersen JS, Mann M (2006) Organellar proteomics: turning inventories into insights. Embo Reports
7: 874–879. doi: 10.1038/sj.embor.7400780 PMID: 16953200
5. Munday DC, Surtees R, Emmott E, Dove BK, Digard P, et al. (2012) Using SILAC and quantitative pro-
teomics to investigate the interactions between viral and host proteomes. Proteomics 12: 666–672.
doi: 10.1002/pmic.201100488 PMID: 22246955
6. Cristea IM (2014) Cellular Immune Response versus Viral Immune Evasion: Lessons from Proteo-
mics. Molecular & Cellular Proteomics 13: S55–S55.
7. Greco TM, Diner BA, Cristea IM (2014) The Impact of Mass Spectrometry-Based Proteomics on Fun-
damental Discoveries in Virology. Annual Review of Virology, Vol 1 1: 581–604. doi: 10.1146/annurev-
virology-031413-085527 PMID: 26958735
8. Weekes MP, Tomasec P, Huttlin EL, Fielding CA, Nusinow D, et al. (2014) Quantitative temporal viro-
mics: an approach to investigate host-pathogen interaction. Cell 157: 1460–1472. doi: 10.1016/j.cell.
2014.04.028 PMID: 24906157
9. Pando-Robles V, Oses-Prieto JA, Rodriguez-Gandarilla M, Meneses-Romero E, Burlingame AL, et al.
(2014) Quantitative proteomic analysis of Huh-7 cells infected with Dengue virus by label-free LC-MS.
Journal of Proteomics 111: 16–29. doi: 10.1016/j.jprot.2014.06.029 PMID: 25009145
10. Berard AR, Coombs KM, Severini A (2015) Quantification of the Host Response Proteome after Her-
pes Simplex Virus Type 1 Infection. Journal of Proteome Research 14: 2121–2142. doi: 10.1021/
pr5012284 PMID: 25815715
11. Coombs KM, Berard A, Xu WH, Krokhin O, Meng XB, et al. (2010) Quantitative Proteomic Analyses of
Influenza Virus-Infected Cultured Human Lung Cells. Journal of Virology 84: 10888–10906. doi: 10.
1128/JVI.00431-10 PMID: 20702633
12. Shaner NC, Steinbach PA, Tsien RY (2005) A guide to choosing fluorescent proteins. Nature Methods
2: 905–909. doi: 10.1038/nmeth819 PMID: 16299475
13. Hoi HF, Shaner NC, Davidson MW, Cairo CW, Wang JW, et al. (2010) A Monomeric Photoconvertible
Fluorescent Protein for Imaging of Dynamic Protein Localization. Journal of Molecular Biology 401:
776–791. doi: 10.1016/j.jmb.2010.06.056 PMID: 20603133
14. Shaner NC, Patterson GH, Davidson MW (2011) Advances in fluorescent protein technology (vol 120,
pg 4247, 2007). Journal of Cell Science 124: 2321–2321.
15. Starck SR, Green HM, Alberola-lla J, Roberts RW (2004) A general approach to detect protein expres-
sion in vivo using fluorescent puromycin conjugates. Chemistry & Biology 11: 999–1008. doi: 10.1016/
j.chembiol.2004.05.011 PMID: 15271358
16. Schmidt EK, Clavarino G, Ceppi M, Pierre P (2009) SUnSET, a nonradioactive method to monitor pro-
tein synthesis. Nature Methods 6: 275–277. doi: 10.1038/nmeth.1314 PMID: 19305406
17. Hempstead AD, Isberg RR (2015) Inhibition of host cell translation elongation by Legionella pneumo-
phila blocks the host cell unfolded protein response. Proceedings of the National Academy of Sciences
of the United States of America 112: E6790–E6797. doi: 10.1073/pnas.1508716112 PMID: 26598709
18. Clavarino G, Claudio N, Couderc T, Dalet A, Judith D, et al. (2012) Induction of GADD34 Is Necessary
for dsRNA-Dependent Interferon-beta Production and Participates in the Control of Chikungunya Virus
Infection. Plos Pathogens 8. doi: 10.1371/journal.ppat.1002708 PMID: 22615568
19. Liu J, Xu YQ, Stoleru D, Salic A (2012) Imaging protein synthesis in cells and tissues with an alkyne
analog of puromycin. Proceedings of the National Academy of Sciences of the United States of Amer-
ica 109: 413–418. doi: 10.1073/pnas.1111561108 PMID: 22160674
20. Beatty KE, Fisk JD, Smart BP, Lu YY, Szychowski J, et al. (2010) Live-cell imaging of cellular proteins
by a strain-promoted azide-alkyne cycloaddition. Chembiochem 11: 2092–2095. doi: 10.1002/cbic.
201000419 PMID: 20836119
21. Boyce M, Bertozzi CR (2011) Bringing chemistry to life. Nature Methods 8: 638–642. doi: 10.1038/
nmeth.1657 PMID: 21799498
22. Moorhouse AD, Moses JE (2008) Click chemistry and medicinal chemistry: A case of "Cyclo-Addic-
tion". Chemmedchem 3: 715–723. doi: 10.1002/cmdc.200700334 PMID: 18214878
23. Kolb HC, Finn MG, Sharpless KB (2001) Click chemistry: Diverse chemical function from a few good
reactions. Angewandte Chemie-International Edition 40: 2004–+. doi: 10.1002/1521-3773(20010601)
40:11%3C2004::aid-anie2004%3E3.3.co;2-x PMID: 11433435
Spatiotemporal Analysis of Protein Synthesis during HSV Infection
PLOS Pathogens | DOI:10.1371/journal.ppat.1005927 October 5, 2016 33 / 37
24. Lang K, Chin JW (2014) Bioorthogonal Reactions for Labeling Proteins. Acs Chemical Biology 9: 16–
20. doi: 10.1021/cb4009292 PMID: 24432752
25. Lang K, Chin JW (2014) Cellular Incorporation of Unnatural Amino Acids and Bioorthogonal Labeling
of Proteins. Chemical Reviews 114: 4764–4806. doi: 10.1021/cr400355w PMID: 24655057
26. Rostovtsev VV, Green LG, Fokin VV, Sharpless KB (2002) A stepwise Huisgen cycloaddition process:
Copper(I)-catalyzed regioselective "ligation" of azides and terminal alkynes. Angewandte Chemie-
International Edition 41: 2596–+. doi: 10.1002/1521-3773(20020715)41:14%3C2596::AID-
ANIE2596%3E3.0.CO;2-4 PMID: 12203546
27. Dieterich DC, Link AJ, Graumann J, Tirrell DA, Schuman EM (2006) Selective identification of newly
synthesized proteins in mammalian cells using bioorthogonal noncanonical amino acid tagging (BON-
CAT). Proc Natl Acad Sci U S A 103: 9482–9487. doi: 10.1073/pnas.0601637103 PMID: 16769897
28. Beatty KE, Liu JC, Xie F, Dieterich DC, Schuman EM, et al. (2006) Fluorescence visualization of newly
synthesized proteins in mammalian cells. Angew Chem Int Ed Engl 45: 7364–7367. doi: 10.1002/anie.
200602114 PMID: 17036290
29. Dieterich DC, Lee JJ, Link AJ, Graumann J, Tirrell DA, et al. (2007) Labeling, detection and identifica-
tion of newly synthesized proteomes with bioorthogonal non-canonical amino-acid tagging. Nat Protoc
2: 532–540. doi: 10.1038/nprot.2007.52 PMID: 17406607
30. Weller SK (2010) Herpes simplex virus reorganizes the cellular DNA repair and protein quality control
machinery. PLoS Pathog 6: e1001105. doi: 10.1371/journal.ppat.1001105 PMID: 21124825
31. Livingston CM, Ifrim MF, Cowan AE, Weller SK (2009) Virus-Induced Chaperone-Enriched (VICE)
domains function as nuclear protein quality control centers during HSV-1 infection. PLoS Pathog 5:
e1000619. doi: 10.1371/journal.ppat.1000619 PMID: 19816571
32. Bastian TW, Livingston CM, Weller SK, Rice SA (2010) Herpes simplex virus type 1 immediate-early
protein ICP22 is required for VICE domain formation during productive viral infection. J Virol 84: 2384–
2394. doi: 10.1128/JVI.01686-09 PMID: 20032172
33. Dieterich DC, Link AJ, Graumann J, Tirrell DA, Schuman EM (2006) Selective identification of newly
synthesized proteins in mammalian cells using bioorthogonal noncanonical amino acid tagging (BON-
CAT). Proceedings of the National Academy of Sciences of the United States of America 103: 9482–
9487. doi: 10.1073/pnas.0601637103 PMID: 16769897
34. tom Dieck S, Muller A, Nehring A, Hinz FI, Bartnik A, et al. (2012) Metabolic labelling with noncanonical
amino acids and visualisation by Chemoselective fluorescent tagging. Curr Protoc Cell Biol Unit 7.11:
1–37. doi: 10.1002/0471143030.cb0711s56 PMID: 22968844
35. Hinz FI, Dieterich DC, Tirrell DA, Schuman EM (2012) Noncanonical Amino Acid Labeling in Vivo to
Visualize and Affinity Purify Newly Synthesized Proteins in Larval Zebrafish. Acs Chemical Neurosci-
ence 3: 40–49. doi: 10.1021/cn2000876 PMID: 22347535
36. Tirrell DA (2010) Cell-selective metabolic labeling of proteins. Abstracts of Papers of the American
Chemical Society 239.
37. Dieterich DC, Hodas JJL, Gouzer G, Shadrin IY, Ngo JT, et al. (2010) In situ visualization and dynam-
ics of newly synthesized proteins in rat hippocampal neurons. Nature Neuroscience 13: 897–U149.
doi: 10.1038/nn.2580 PMID: 20543841
38. Beatty KE, Fisk JD, Smart BP, Lu YY, Szychowski J, et al. (2010) Live-Cell Imaging of Cellular Proteins
by a Strain-Promoted Azide-Alkyne Cycloaddition. Chembiochem 11: 2092–2095. doi: 10.1002/cbic.
201000419 PMID: 20836119
39. McClatchy DB, Ma Y, Liu C, Stein BD, Martinez-Bartolome S, et al. (2015) Pulsed Azidohomoalanine
Labeling in Mammals (PALM) Detects Changes in Liver-Specific LKB1 Knockout Mice. J Proteome
Res 14: 4815–4822. doi: 10.1021/acs.jproteome.5b00653 PMID: 26445171
40. Mouzakitis G, McLauchlan J, Barreca C, Kueltzo L, O’Hare P (2005) Characterization of VP22 in her-
pes simplex virus-infected cells. J Virol 79: 12185–12198. doi: 10.1128/JVI.79.19.12185-12198.2005
PMID: 16160145
41. Barreca C, O’Hare P (2006) Characterization of a potent refractory state and persistence of herpes
simplex virus 1 in cell culture. J Virol 80: 9171–9180. doi: 10.1128/JVI.00962-06 PMID: 16940528
42. Randall RE, Honess RW, O’Hare P (1983) Proteins specified by herpesvirus saimiri: identification and
properties of virus-specific polypeptides in productively infected cells. J Gen Virol 64: 19–35. doi: 10.
1099/0022-1317-64-1-19 PMID: 6296297
43. O’Hare P, Honess RW (1983) Identification of a subset of herpesvirus saimiri polypeptides synthesized
in the absence of virus DNA replication. J Virol 46: 279–283. PMID: 6298461
44. Dieterich DC, Link AJ, Tirrell DA, Graumann J, Schuman EM (2007) Identification of newly synthesized
proteins using bioorthogonal noncanonical amino acid tagging (BONCAT). Molecular & Cellular Prote-
omics 6: 20–20.
Spatiotemporal Analysis of Protein Synthesis during HSV Infection
PLOS Pathogens | DOI:10.1371/journal.ppat.1005927 October 5, 2016 34 / 37
45. Randall RE, Dinwoodie N (1986) Intranuclear localization of herpes simplex virus immediate-early and
delayed-early proteins: evidence that ICP 4 is associated with progeny virus DNA. J Gen Virol 67:
2163–2177. doi: 10.1099/0022-1317-67-10-2163 PMID: 3020158
46. Everett RD, Sourvinos G, Leiper C, Clements JB, Orr A (2004) Formation of nuclear foci of the herpes
simplex virus type 1 regulatory protein ICP4 at early times of infection: localization, dynamics, recruit-
ment of ICP27, and evidence for the de novo induction of ND10-like complexes. J Virol 78: 1903–
1917. doi: 10.1128/jvi.78.4.1903-1917.2004 PMID: 14747555
47. Sourvinos G, Everett RD (2002) Visualization of parental HSV-1 genomes and replication compart-
ments in association with ND10 in live infected cells. EMBO J 21: 4989–4997. doi: 10.1093/emboj/
cdf458 PMID: 12234938
48. Everett RD, Sourvinos G, Orr A (2003) Recruitment of herpes simplex virus type 1 transcriptional regu-
latory protein ICP4 into foci juxtaposed to ND10 in live, infected cells. J Virol 77: 3680–3689. doi: 10.
1128/jvi.77.6.3680-3689.2003 PMID: 12610143
49. Elliott G, Hafezi W, Whiteley A, Bernard E (2005) Deletion of the herpes simplex virus VP22-encoding
gene (UL49) alters the expression, localization, and virion incorporation of ICP0. J Virol 79: 9735–
9745. doi: 10.1128/JVI.79.15.9735-9745.2005 PMID: 16014935
50. Lopez P, Van Sant C, Roizman B (2001) Requirements for the nuclear-cytoplasmic translocation of
infected-cell protein 0 of herpes simplex virus 1. J Virol 75: 3832–3840. doi: 10.1128/JVI.75.8.3832-
3840.2001 PMID: 11264372
51. Parkinson J, Everett RD (2001) Alphaherpesvirus proteins related to herpes simplex virus type 1 ICP0
induce the formation of colocalizing, conjugated ubiquitin. J Virol 75: 5357–5362. doi: 10.1128/JVI.75.
11.5357-5362.2001 PMID: 11333917
52. Ascoli CA, Maul GG (1991) Identification of a novel nuclear domain. J Cell Biol 112: 785–795. doi: 10.
1083/jcb.112.5.785 PMID: 1999457
53. Maul GG, Guldner HH, Spivack JG (1993) Modification of discrete nuclear domains induced by herpes
simplex virus type 1 immediate early gene 1 product (ICP0). J Gen Virol 74: 2679–2690. doi: 10.1099/
0022-1317-74-12-2679 PMID: 8277273
54. Everett RD, Maul GG (1994) HSV-1 IE protein Vmw110 causes redistribution of PML. Embo J 13:
5062–5069. PMID: 7957072
55. Everett RD, Chelbi-Alix MK (2007) PML and PML nuclear bodies: implications in antiviral defence. Bio-
chimie 89: 819–830. doi: 10.1016/j.biochi.2007.01.004 PMID: 17343971
56. Maul GG, Everett RD (1994) The nuclear location of PML, a cellular member of the C3HC4 zinc-bind-
ing domain protein family, is rearranged during herpes simplex virus infection by the C3HC4 viral pro-
tein ICP0. J Gen Virol 75: 1223–1233. doi: 10.1099/0022-1317-75-6-1223 PMID: 8207389
57. O’Rourke D, Elliott G, Papworth M, Everett R, O’Hare P (1998) Examination of determinants for intra-
nuclear localization and transactivation within the RING finger of herpes simplex virus type 1 IE110k
protein. J Gen Virol 79: 537–548. doi: 10.1099/0022-1317-79-3-537 PMID: 9519832
58. Everett RD, Sourvinos G, Leiper C, Clements JB, Orr A (2004) Formation of nuclear foci of the herpes
simplex virus type 1 regulatory protein ICP4 at early times of infection: localization, dynamics, recruit-
ment of ICP27, and evidence for the de novo induction of ND10-like complexes. J Virol 78: 1903–
1917. doi: 10.1128/jvi.78.4.1903-1917.2004 PMID: 14747555
59. Everett RD, Zafiropoulos A (2004) Visualization by live-cell microscopy of disruption of ND10 during
herpes simplex virus type 1 infection. J Virol 78: 11411–11415. doi: 10.1128/JVI.78.20.11411-11415.
2004 PMID: 15452264
60. Everett RD, Murray J (2005) ND10 components relocate to sites associated with herpes simplex virus
type 1 nucleoprotein complexes during virus infection. J Virol 79: 5078–5089. doi: 10.1128/JVI.79.8.
5078-5089.2005 PMID: 15795293
61. Everett RD (2015) Dynamic Response of IFI16 and Promyelocytic Leukemia Nuclear Body Compo-
nents to Herpes Simplex Virus 1 Infection. J Virol 90: 167–179. doi: 10.1128/JVI.02249-15 PMID:
26468536
62. Boutell C, Orr A, Everett RD (2003) PML residue lysine 160 is required for the degradation of PML
induced by herpes simplex virus type 1 regulatory protein ICP0. J Virol 77: 8686–8694. doi: 10.1128/
jvi.77.16.8686-8694.2003 PMID: 12885887
63. Cuchet-Lourenco D, Vanni E, Glass M, Orr A, Everett RD (2012) Herpes simplex virus 1 ubiquitin
ligase ICP0 interacts with PML isoform I and induces its SUMO-independent degradation. J Virol 86:
11209–11222. doi: 10.1128/JVI.01145-12 PMID: 22875967
64. Bailey D, O’Hare P (2005) Comparison of the SUMO1 and ubiquitin conjugation pathways during the
inhibition of proteasome activity with evidence of SUMO1 recycling. Biochem J 392: 271–281. doi: 10.
1042/BJ20050873 PMID: 16117725
Spatiotemporal Analysis of Protein Synthesis during HSV Infection
PLOS Pathogens | DOI:10.1371/journal.ppat.1005927 October 5, 2016 35 / 37
65. Bailey D, O’Hare P (2002) Herpes simplex virus 1 ICP0 co-localizes with a SUMO-specific protease. J
Gen Virol 83: 2951–2964. doi: 10.1099/0022-1317-83-12-2951 PMID: 12466471
66. Lang M, Jegou T, Chung I, Richter K, Munch S, et al. (2010) Three-dimensional organization of pro-
myelocytic leukemia nuclear bodies. J Cell Sci 123: 392–400. doi: 10.1242/jcs.053496 PMID:
20130140
67. Everett RD, Freemont P, Saitoh H, Dasso M, Orr A, et al. (1998) The disruption of ND10 during herpes
simplex virus infection correlates with the Vmw110- and proteasome-dependent loss of several PML
isoforms. J Virol 72: 6581–6591. PMID: 9658103
68. Everett R, O’Hare P, O’Rourke D, Barlow P, Orr A (1995) Point mutations in the herpes simplex virus
type 1 Vmw110 RING finger helix affect activation of gene expression, viral growth, and interaction
with PML-containing nuclear structures. J Virol 69: 7339–7344. PMID: 7474166
69. Reynolds RC, Montgomery PO, Hughes B (1964) Nucleolar "Caps" Produced by Actinomycin D. Can-
cer Res 24: 1269–1277. PMID: 14216161
70. Ghosh S (1976) The nucleolar structure. Int Rev Cytol 44: 1–28. doi: 10.1016/s0074-7696(08)61645-9
PMID: 770368
71. Andersen JS, Lyon CE, Fox AH, Leung AK, Lam YW, et al. (2002) Directed proteomic analysis of the
human nucleolus. Curr Biol 12: 1–11. doi: 10.1016/s0960-9822(01)00650-9 PMID: 11790298
72. Pelham HR (1984) Hsp70 accelerates the recovery of nucleolar morphology after heat shock. EMBO J
3: 3095–3100. PMID: 6441707
73. Hattori H, Kaneda T, Lokeshwar B, Laszlo A, Ohtsuka K (1993) A stress-inducible 40 kDa protein
(hsp40): purification by modified two-dimensional gel electrophoresis and co-localization with hsc70
(p73) in heat-shocked HeLa cells. J Cell Sci 104 (Pt 3): 629–638. PMID: 8314866
74. Ellis S, Killender M, Anderson RL (2000) Heat-induced alterations in the localization of HSP72 and
HSP73 as measured by indirect immunohistochemistry and immunogold electron microscopy. J Histo-
chem Cytochem 48: 321–332. doi: 10.1177/002215540004800302 PMID: 10681386
75. Regad T, Chelbi-Alix MK (2001) Role and fate of PML nuclear bodies in response to interferon and
viral infections. Oncogene 20: 7274–7286. doi: 10.1038/sj.onc.1204854 PMID: 11704856
76. Grotzinger T, Sternsdorf T, Jensen K, Will H (1996) Interferon-modulated expression of genes encod-
ing the nuclear-dot-associated proteins Sp100 and promyelocytic leukemia protein (PML). Eur J Bio-
chem 238: 554–560. doi: 10.1111/j.1432-1033.1996.0554z.x PMID: 8681971
77. Hutchinson I, Whiteley A, Browne H, Elliott G (2002) Sequential localization of two herpes simplex
virus tegument proteins to punctate nuclear dots adjacent to ICP0 domains. J Virol 76: 10365–10373.
doi: 10.1128/jvi.76.20.10365-10373.2002 PMID: 12239313
78. La Boissiere S, Izeta A, Malcomber S, O’Hare P (2004) Compartmentalization of VP16 in cells infected
with recombinant herpes simplex virus expressing VP16-green fluorescent protein fusion proteins. J
Virol 78: 8002–8014. doi: 10.1128/JVI.78.15.8002-8014.2004 PMID: 15254172
79. Markovitz NS, Roizman B (2000) Small dense nuclear bodies are the site of localization of herpes sim-
plex virus 1 U(L)3 and U(L)4 proteins and of ICP22 only when the latter protein is present. J Virol 74:
523–528. doi: 10.1128/jvi.74.1.523-528.2000 PMID: 10590143
80. Burch AD, Weller SK (2005) Herpes simplex virus type 1 DNA polymerase requires the mammalian
chaperone hsp90 for proper localization to the nucleus. J Virol 79: 10740–10749. doi: 10.1128/JVI.79.
16.10740-10749.2005 PMID: 16051866
81. Burch AD, Weller SK (2004) Nuclear sequestration of cellular chaperone and proteasomal machinery
during herpes simplex virus type 1 infection. J Virol 78: 7175–7185. doi: 10.1128/JVI.78.13.7175-
7185.2004 PMID: 15194794
82. Wilkinson DE, Weller SK (2004) Recruitment of cellular recombination and repair proteins to sites of
herpes simplex virus type 1 DNA replication is dependent on the composition of viral proteins within
prereplicative sites and correlates with the induction of the DNA damage response. J Virol 78: 4783–
4796. doi: 10.1128/jvi.78.9.4783-4796.2004 PMID: 15078960
83. Fujimuro M, Sawada H, Yokosawa H (1994) Production and characterization of monoclonal antibodies
specific to multi-ubiquitin chains of polyubiquitinated proteins. FEBS Lett 349: 173–180. doi: 10.1016/
0014-5793(94)00647-4 PMID: 7519568
84. La Boissiere S, Izeta A, Malcomber S, O’Hare P (2004) Compartmentalization of VP16 in cells infected
with recombinant herpes simplex virus expressing VP16-green fluorescent protein fusion proteins. J
Virol 78: 8002–8014. doi: 10.1128/JVI.78.15.8002-8014.2004 PMID: 15254172
85. Morris JB, Hofemeister H, O’Hare P (2007) Herpes simplex virus infection induces phosphorylation
and delocalization of emerin, a key inner nuclear membrane protein. J Virol 81: 4429–4437. doi: 10.
1128/JVI.02354-06 PMID: 17301149
Spatiotemporal Analysis of Protein Synthesis during HSV Infection
PLOS Pathogens | DOI:10.1371/journal.ppat.1005927 October 5, 2016 36 / 37
86. Beatty KE, Szychowski J, Fisk JD, Tirrell DA (2011) A BODIPY-cyclooctyne for protein imaging in live
cells. Chembiochem 12: 2137–2139. doi: 10.1002/cbic.201100277 PMID: 21830285
87. Baboo S, Bhushan B, Jiang H, Grovenor CR, Pierre P, et al. (2014) Most human proteins made in both
nucleus and cytoplasm turn over within minutes. PLoS One 9: e99346. doi: 10.1371/journal.pone.
0099346 PMID: 24911415
88. Bernardi R, Pandolfi PP (2007) Structure, dynamics and functions of promyelocytic leukaemia nuclear
bodies. Nature Reviews Molecular Cell Biology 8: 1006–1016. doi: 10.1038/nrm2277 PMID:
17928811
89. Van Damme E, Laukens K, Dang TH, Van Ostade X (2010) A manually curated network of the PML
nuclear body interactome reveals an important role for PML-NBs in SUMOylation dynamics. Interna-
tional Journal of Biological Sciences 6: 51–67. doi: 10.7150/ijbs.6.51 PMID: 20087442
90. Li L, Johnson LA, Dai-Ju JQ, Sandri-Goldin RM (2008) Hsc70 focus formation at the periphery of HSV-
1 transcription sites requires ICP27. PLoS One 3: e1491. doi: 10.1371/journal.pone.0001491 PMID:
18231578
91. Hutchinson I, Whiteley A, Browne H, Elliott G (2002) Sequential localization of two herpes simplex
virus tegument proteins to punctate nuclear dots adjacent to ICP0 domains. J Virol 76: 10365–10373.
doi: 10.1128/jvi.76.20.10365-10373.2002 PMID: 12239313
92. Donnelly M, Elliott G (2001) Fluorescent tagging of herpes simplex virus tegument protein VP13/14 in
virus infection. J Virol 75: 2575–2583. doi: 10.1128/JVI.75.6.2575-2583.2001 PMID: 11222680
93. Livingston CM, DeLuca NA, Wilkinson DE, Weller SK (2008) Oligomerization of ICP4 and rearrange-
ment of heat shock proteins may be important for herpes simplex virus type 1 prereplicative site forma-
tion. J Virol 82: 6324–6336. doi: 10.1128/JVI.00455-08 PMID: 18434395
Spatiotemporal Analysis of Protein Synthesis during HSV Infection
PLOS Pathogens | DOI:10.1371/journal.ppat.1005927 October 5, 2016 37 / 37
